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Appendix A
Abstract
Systematic investigation of acid functionalized silicalite-l (MFI type zeolite) membrane
synthesis has been conducted in this project. The synthesis mixture was obtained using
tetraethylorthosilicate (TEOS) as the primary inorganic silica source with the addition of
3-mercaptopropyltrimethoxysilane (3MP) HS~ Si(OCH
3
h as an organic
modifier. The effect of the 3MP present in the initial synthesis mixture for the formation
of membrane was studied by varying the molar ratio of 3MP/TEOS in the range from
0.00 to 0.20. The organic functional groups were subsequently oxidized to acid
functionalized silicalite-l membranes. The resulting membranes were characterized for
its crystallinity (X-ray diffraction, XRD) and surface morphology (scanning electron
microscopy, SEM), and compared with parent silicalite-l membrane. The powder
obtained from the autoclave after membrane synthesis were characterized for its surface
area and average pore size (nitrogen adsorption and desorption), elemental composition
(elemental analysis), structural information (Fourier transform infrared spectroscopy
(FTIR) and solid state 29Si nuclear magnetic resonance (NMR)), thermal stability
(thermogravimetric analysis, TGA) and acid capacity (titration technique). Xylene isomer
separation was tested using silicalite-l membrane and the separation performance has
been studied using Design of Experiments (DOE). Further research studies are in
progress in order to achieve better separation results.
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AppendixB
Comprehensive Technical Report
1.0 Introduction
The industrial production and recovery of para-xylene is an important step in a
large petrochemical plant. Xylene has three isomers namely para-xylene (molecular
size ~0.58 urn), ortho-xylene and meta-xylene (molecular size ~0.68 run) and are used
as industrial solvents or intermediates for many derivatives [1-3]. Of the three xylene
isomers, para-xylene has the largest commercial market. As reported by Ministry of
Economy, Trade and Industry (MITE), Japan, the worldwide demand for para-xylene
will increase to 27.8 million tonnes in year 2008 from 18.7 million tonnes in year 2002.
Para-xylene is the feed for the production of pure terephthalic acid (PTA), which in
tum is used in the production of polyester resin and fibers.
In order to meet the para-xylene demand, para-xylene is currently produced in
the petrochemical industry through two different routes: (1) separation of para-xylene
from its isomers and (2) conversion of less used ortho- and meta-xylenes to para-
xylene through xylene isomerization reaction. Separation of para-xylene from its
isomers is an important operation in the petrochemical industry, but it is difficult to
separate the isomers due to their close boiling points, para-xylene (boiling point =
138.4 oC), meta-xylene (boiling point = 139 oC) and ortho-xylene (boiling point =
144.4 oC). Thus, the xylene isomers are currently separated by cryogenic crystallization,
or selective adsorption process Parex, which is highly energy intensive. The current
technology for xylene isomerization process such as XyMax (ExxonMobil) also
consumes high energy. Therefore, there is a need to develop an efficient and energy
saving technology to recover and separate para-xylene from its isomers.
Zeolite membranes or films have been in focus in recent years because of their
well-defined micropore structure, good thermal and structural stability, high
mechanical strength, feasible for steady-state operation, low energy consumption,
resistance to relatively extreme chemical environment and great potential for combined
steps of reaction/separation [4,5]. Zeolites are crystalline, microporous aluminosilicates
which find extensive industrial usage as catalysts, adsorbents, and ion exchangers with
high capacities and selectivities [6,7]. When zeolites are grown as films, zeolite
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enhancing the existing zeolite properties. The existence of two types of zeolite surfaces
provides interesting advantages for the development of bifunctional or multifunctional
catalysts. The internal surface of zeolite pore is inaccessible to large molecules while
the external crystal surface can be used for functionalization and heterogenization of
molecules larger than the effective pore size of the zeolite cages. The relatively low
- .
number of external surface sites of zeolites compared to mesoporous material may be
beneficial for the catalytic activity. These types of heterogeneous catalysts are
promising phase-transfer catalysts [15].
The first modification on external surface of zeolite Y by organosilane reagents
was achieved by Cauvel et al. [19]. The development of organic functionalized
molecular sieve (OFMS) crystalline materials with inorganic frameworks and pendant
organIc groups in the pores was reported by Jones et al. [20]. Synthesis and
characterization of aminopropyl, phenethyl (PE), ethylcyclohexenyl (CHE) and
mercaptopropyl (MP) functionalized zeolite BEA are reported. The functional groups,
e.g. phenethyl groups were sulfonated to arenesulfonic acids and its shape selective
catalytic property was successfully demonstrated [20]. Functionalization of zeolite
BEA with tris(methoxy)mercaptopropylsilane (TMMPS) was also reported by Shin et
al.[21]. The thiol groups of TMMPS were oxidized to acid group and its catalytic
performance also being demonstrated. Besides, phenethyl functionalized zeolite BEA
nanocrystals were synthesized by Holmberg et al. [22], and simultaneously sulfonated
to arenesulfonic acid materials. This acid functionalized material was used as a proton
conducting material in a fuel cell, with improved proton conductivity compare to non-
functionalized zeolite BEA.
The combination of inorganic and orgamc groups to form well-defined
functionalized materials is a challenging task, especially for microporous zeolite. As
reported by Jones et al. [20], the pendant organic groups in the pores induced blockage
of pores and only high-silica zeolites (with Si/Al > 10) were prepared. Furthermore, the
final organic groups content introduced in the zeolite sturcture are usually relatively
low due to the difficulties of larger organic species within the smaller micropore, which
resulted in a disruption of the crystal structure and multiphase, crystalline/amorphous
mixture is produced [20]. Therefore, there is a need to find the optimum concentration
of the organic groups present in the functionalized zeolite, in order to obtain highly
crystalline materials with maximum surface acid sites and minimum pore blocking. The
3
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2.0 Experimental
2.1. Preparation of membranes
In situ deposition method was lIsed lu im.:orpol'ate organic functional group into
silicalite-1 framework. This method is the most common method reported by the
researchers where the functional groups are introduced in the synthesis solution as
silica source. A porous a -alumina support (diameter = 25 mm, thickness = 3mm) was
coated with a thin mesoporous layer using sol-gel technique developed by Brinkers and
co-workers [26]. The role of the mesoporous layer was to improve the structural
stability, reduce the mismatch between zeolite membrane and support during
calcination and to serve as a support for the microporous membrane [26].
Functionalized silicalite-1 membrane with 5 to 20 mol % of 3-
mercaptopropyltrimethoxysilane (3MP) was synthesized based on the procedure
reported by Lai et al. [27] for nonfunctionalized siliceous 2SM-5. The synthesis
solution was prepared by adding 4g oftetrapropylammonium hydroxide (TPAOH, 1M,
prepared by ion-exchange with tetrapropylammonium bromide (TPABr, 1M, Merck)
using strong OH- resin) to a polypropylene bottle containing 72g double deionized
water (DDI H20). Appropriate amount of TEOS (> 98%, Merck) was added drop wise
and the solution was stirred gently. Then, an appropriate amount of 3MP was added
slowly to complete the reaction mixture. The final molar composition of any given
synthesis solution was:
(l-x)TEOS: TPAOH: 500 H20: x(3MP)
where x is molar composition and x = 0.0, 0.05, 0.1 0.15 and 0.2. For the synthesis of
parent silicalite-1 membrane, x = O. The reaction mixture was stirred vigorously for 1
day at room temperature after which, the synthesis solution was transferred into Teflon-
lined vessel containing a -alumina support. The Teflon-lined vessel was sealed and
heated to 175°e for 1 day. After the hydrothermal synthesis for 1 day, the membrane
was repeatedly washed with deionized water and then dried in an oven at 1000e
overnight. In order to make sure that the membrane was fully coated on the support,
nitrogen permeance test was performed on the membrane using permeability
measurement before the removal of template (TPAOH). If the membrane was still
permeable to nitrogen gas, the hydrothermal synthesis of the membrane was repeated
5
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CuKa radiation (A =1.5406 A) operated at 40 kV and 30 rnA in the range of
3MP (I-x)
0.00
0.05
0.10
0.15
0.20
TEOS (x)
1.00
0.95
0.90
0.85
0.80
Powder Samples
silicalite-1
SIL-3MP5-S03H
SIL-3MP10-S03H
SIL-3MP15-S03H
SIL-3MP20-S03H
MSIL-1 (silicalite-1, as reference)
MSIL-3MP5-S03H
MSIL-3MP10-S03H
MSIL-3MP15-S03H
MSIL-3MP20-S03H
Membrane
Table 1: Acid functionalized silicalite-1 membranes and powder samples prepare in the
present research
The membrane synthesized with a ratio of 0.95 TEOS/0.05 PE is coded as SIL-PE5
and SIL-PE5-S03H after sulfonation. The membrane synthesized with a ratio of 0.95
TEOS/O.05 3MP is coded as SIL-3MP5 and SIL-3MP5-S03H after sulfonation. The
prepared membranes are presented in Table 1.
2.3. Characterization
2.3.1. X-ray diffraction (XRD)
The crystalline structure of the prepared membranes were determined by XRD
analysis using X-ray diffractometer (Philips PANanalytical X-Pert PRO) with
.2.3.2. Scanning electron microscope (SEM)
Surface morphology of the membranes was studied using scannmg electron
microscope (Zeiss Supra 35VP) equipped with W-Tungsten filament, operated at 3.00
kV.
2.3.3 Transmission electron microscope (TEM)
TEM micrographs were obtained on a eM 12 Philips electron microscope equipped
with an image analyzer (Model Soft Imaging System, SIS 3.0), operating at 80 kV. The
samples were prepared by evaporating one drop of powdered sample-EtOH suspension
(after sonication) onto a carbon coated film supported on a 3 mm diameter, 400 mesh
copper grid.
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The synthesized and calcined samples were subjected at the heating rate of 10°C/min,
from room temperature until 900°C.
2.3.9. Nitrogen adsorption-desorption measurement
The pore characteristic (pore volume, pore size and surfaee area) of the samples
were measured by nitrogen adsorption using a Micromeritics ASAP 2000 instrument.
Samples of ~0.05 g were outgassed overnight at 105°C under vacuum prior to the
analysis.
2.4. Separation Testing and Data Analysis
The separation performance for binary xylene mixtures will be tested by using
vapor permeation test rig (Fig.2 ). A HP 5890 gas chromatograph equipped with a FID
and capillary column was used to analyze the feed, permeate and retentate streams.
Data analysis will be performed by evaluating the permeation flux and separation
factor (selectivity). The flux is defined as
W
7ri =-' (1)At
where 7ri = permeation flux of the component i, kg/(m2.h)
~ = weight of component i, kg
A = membrane area, m2
t = operating time, hr
Selectivity is defined as:
Yj(aYs ~ x;( (2)
where Yi = molar fraction ofcomponent i at permeate
Xi = molar fraction of component i at retentate
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corresponding lo a lypical silicalite-l [30]. Most of thc crystals in silicalite-l membrane
were oriented wUh lht::ir u-axis perpendicular t6 the support surface, (020), (040) und
(060). However, UW1'C was a fraction of cry5tals which were not preferentially oriented
and their presence shows the peak (101) in the XRJJ pattern. MSIL-3MP5-S03H, MSIL-
3MPIO-S03H and MSIL-3MP15-S03H membranes exhibited diffraction patterns similar
to that of parent silicalite-l membrane but at a relatively lower intensity (Figs. 3b-3d).
This observation shows that the functlonalized silicalite-l membrane was successfully
formed under the same synthesis conditions. The crystallinity of the acid functionalized
membranes gradually decreased with increasing 3MP loading in the synthesis mixture,
from 85% for MSTL-3MP5-S03H to 75% for MSIL-3MPIO-S03H and 58% for MSIL-
3MP15-S03H. The relatively higher intensity of (101) peak and lower intensity peaks of
(020), (040) and (060) reflect that the functionalized crystals grew with random
orientation.
Fig. 3e shows the XRD pattern for MSIL-3MP20-S03H. It can be seen that the typical
peaks corresponding for silicalite-l membrane were absent and only peaks belonging to a
- alumina support were observed. This indicated that functionalized membrane cannot be
formed when the 3MP loading in the synthesis mixture reached 20 mol% of the total
silica source. The higher loading of organosilane resulted in the disruption of the crystal
structure due to the difficulties in incorporating of longer organic fragment into the
silicalite-l structure [20].
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concomitants. However, the incorporation of acid functional group into the membrane led
to the modification ofthe membrane morphology and thickness.
The SEM micrograph of MSIL-3MP20-S03H membrane is shown in Fig. Sd. The
micrograph illustrates that a large portion of the support surface was still not covered
with functionalized crystals although hydrothermal synthesis of membrane was repeated
five times. The crystals did not fully grow while amorphous materials are seen to
agglomerate on the support causing failure in the formation of the membrane layer. This
observation was in agreement with XRD result (Fig. 3d).
Fig. 4. SEM micrographs of (a) blank a - alumina support, (b) mesoporous silica layer
and (c) MSIL-l membrane.
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formation of a large number of nuclei in the first steps that grow very slowly [31], which
reduced the relative crystallinity of the fUllcUunalized membranes. However, the
presences of these small particles are not small enuugh in order to generate interparticle
ordered mcsoporosity [32J.
Fig. 6. TEM images of (a) silicalite-l, (b) SIL-3MP5-S03H, (c) SIL-3MPlO-S03H and (d)
SIL-3MP15-S03H
3.4. 29Si solid state NMR
Wang et aI., [33] reported that solid state 29Si solid state NMR spectroscopy is useful
for providing chemical information regarding the condensation of organosiloxane. 29Si
solid state NMR spectroscopy for SIL-3MPlO-S03H sample is shown in Fig. 7 and the
description of the various structural units of silicon atoms for the sample is presented in
Table 3. Three peaks corresponding for Q2 (-92ppm), Q3 (-103ppm) and Q4 (-112ppm)
and three weaker peaks assigned for TJ (-48ppm), T2 (-56ppm) and T3 (-65ppm) were
17
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Table 3: Desc.ription ofthe vftrious struc:.tumllmits of silkon fttoms in the functionalized
samples [34].
FT-IR spectra of the pyridine absorbed samples are shown in Fig. 8. The Si-O-Si
stretching vibration are shown in the spectra for all the samples, where the bands were
around 470 em-I, 800 cm-I and in the range of 1000-1130 cm-I [35]. An absorption peak
at around 960cm-I was attributed to stretching vibration of Si-OH group. In comparison
to the spectrum of the parent silicalite-l, the acid functionalized samples show additional
peaks at 650 em-I, 1250 cm-I,1450 em-I, 1638 cm-I and 3430 em-I. The spectrum shows
that the 3MP groups were introduced into the silicalite-l structure, and the -SH groups
were successfully oxidized to sulfonic acid groups. The presence of band at 1250 cm-I
assigned to the CH2-S stretching mode vibrations and the band at 1450 cm-I relates to C-
CH2-e vibrational mode [36]. The presence of 650 cm- 1 is attributed to the symmetric
and asymmetric vibrational modes of -S03H [37]. The intense band at 3430cm-1 was
Si
I
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R -Si-O-Si
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o
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Si
Si
I
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Si-O -Si-O-Si
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Si
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I
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Qn=Si(OSi)n(OHkn
3.5. Fourier transform infrared spectroscopy (FT-IR)
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Table 5: C and S content in the synthesis mixture and oxidized samples.
Samples Synthesis Mixture Elemental Analysis
C (wt%) a S (wt%) a C (wt%) b S (wt%) b
a Relative to the weight of the C and S in the synthesis mixture
b Relative to the weight of the C and S in the oxidized samples
o 0 0 0
0.90 0.80 0.50 0.33
1.60 1.40 0.85 0.74
2.60 2.30 1.05 1.22
Silicalite-1
SIL-3MP5-S03H
SIL-3MPlO-S03H
SIL-3MP15-S03H
3.6. Elemental analysis
The carbon (C) and sulfur (S) content in the silicalite-1 and acid functionalized
samples were further characterized by elemental analysis and the results are summarized
in Table 5. Although the increase of 3MP loading in the synthesis mixture increased the
amount of C and S into the functionalized samples, this amount was relatively low as
compared to the carbon and sulfur contents loaded in the synthesis mixture. This was
mainly due to the difficulties of incorporation of large organic group into the zeolite
structure. After the calcination and oxidation process, sulfur was present in the sample
confirming the presence of the propylsulfonic acid group. However, there was loss of
carbon and sulfur during calcination.
As compared with XRD results (Fig. 3), the membrane crystallinity reduced
gradually with the increase of C content in the samples. Reasonably, the amount of S
presence in the sample increased with the increase of C content in the sample. This shows
that more thiol group (-SH) were sulfonated into acid group, -S03H.
3.7. Acidity measurement by titration technique
The accessibility of sulfonic acid in the propylsulfonic acid functionalized samples
were determined by the acid-base titration and presented in Table 6. The amount of
sulfonic acid sites increased from 1.18 to 1.72 mmol H+/g confirming the oxidation of
thiol group. It is also noticeable that the acid capacities of the samples prepared in the
present research were found to be higher than the acid capacity of other types of acid
functionalized materials, which determined by titration technique, as reported in the
literature (Table 7).
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after oxidation. A weight loss was observed at 550°C for all the acid functionaIizcd
samples, indicated that the propylsulfonie acid groups were thermally stable up to 550°C.
Table 8 shows the total weight loss of the aeid groups from the samples, estimated as 2.9
wt%, 5.2 wt% and 5.4 wt%, respectivdy.
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as defined by IUPAC [33]. Type I isotherm is well-defined for micropore adsorhent,
particularly for silicalite 1. Nevertheless, H4 hysteresis loop is usually associated with
thin slit-like inter-crystalline pores where the pores nrc mainly in the micropore range
[33]. Howcvcl', thc ;sothcl'lws fur all uf the acid functionalized sampllj~ ~huw a different
trend compared to parent silicalite-l isotherm. A sharp inflection was observed in PlPo
ranging from 0.8 to I and overall nitrogen adsorption volume was increased for SIL-
3MP5-S03H and increased consistently when the 3MP loading in the synthesis mixture
increased. The isotherms exhibited a notable shift of the hysteresis position toward high
relative pressures (PlPo = 0.8-1.0) suggesting that the sample itself underwent a change
in the structure until it produced H3 hysteresis loop. This observation indicates that the
incorporation of 3MP groups into the silicalite-I structure had changed the shape of the
pores from thin slit pore to slit-shaped pores, as shown by the presence of H3 hysteresis
loop [43]. The isotherms for acid functionalized samples did not show any limiting
adsorption at high relative pressure, showing that the acid functionalized samples contain
mesopores. Since the area of such relatively wide pores likely to be much smaller than
the micropore area, the scale of multilayer development or mesopore filling might be
quite small [33].
The basic physicochemical and textural properties of the functionalized materials
are shown in Table 8. The specific surface area (SBET) was obtained by analyzing
nitrogen adsorption data at 77 K in a relative vapor pressure ranging from 0.01 to 0.3.
The total pore volume (VtoD was estimated based on the volume adsorbed at a relative
pressure of 0.99 and the average diameter of the pores (dp), was calculated through the
simple equation of 4V/ SBET. The BET surface area of the parent silicalite-I was 329 m2/g
with the total pore volume of 0.18 cm3/g and average pore diameter of 1.5 nm. These data
are comparable and consistent with the data reported in the literature for silicalite-I
structure [44]. With the increase of propylsulfonic acid group in the functionalized
samples, the SBET slightly decreased from 326 m2/g to 322 m2/g. This observation was
consistent with the reported research in the literature [33], where functionalization of
porous structure with organic group resulted in the drop of surface area. The reduction in
BET surface area suggested that the functionalization of 3MP group occurred at the
25
3.10.1. p-Xylene and o-xylene mixture
MSIL-l was tested for its performance in xylene mixture separation. Table 10
shows the experiment runs for the binary mixture ofp-xylene and a-xylene generated by
the Design Expert 6.0.6 Software and its corresponding p-xy1ene permeation flux and
selectivity.
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a e xpenment runs or mary mIX ure 0 p,a-xy ene an e correspon mg resu ts
Factor 1 Factor 2 Factor 3 Response 1 Response 2
Std Run Block A: p-X Feed B: Temperature C: Feed p-Xylene p-XyleneComposition Pressure Flux Selectivity
(Dimensionless) (OC) (bar) (kg/m2.h) (Dimensionless)
1 1 Block 1 0.2 170 0.6 601.29 1.1759
11 2 Block 1 0.5 170 1.0 47.76 0.9034
6 3 Block 1 0.8 170 1.4 975.83 0.8867
17 4 Block 1 0.5 200 1.0 82.27 0.9231
5 5 Block 1 0.2 170 1.4 157.58 1.0331
4 6 Block 1 0.8 230 0.6 1496.34 0.9508
3 7 Block 1 0.2 230 0.6 193.49 0.9526
19 8 Block 1 0.5 200 1.0 566.74 0.9952
10 9 Block 1 0.8 200 1.0 1110.19 0.894
7 10 Block 1 0.2 230 1.4 859.14 1.0095
12 11 Block 1 0.5 230 1.0 527.99 0.9543
16 12 Block 1 0.5 200 1.0 1075.51 0.994
2 13 Block 1 0.8 170 0.6 1498.47 0.7836
9 14 Block 1 0.2 200 1.0 198.33 0.9729
13 15 Block 1 0.5 200 0.6 329.85 1.0016
20 16 Block 1 0.5 200 1.0 1649.01 0.9409
14 17 Block 1 0.5 200 1.4 3354.43 0.9662
15 18 Block 1 0.5 200 1.0 1992.39 0.9944
8 19 Block I 0.8 230 1.4 2320.07 0.9868
18 20 Block 1 0.5 200 1.0 1004.59 0.9893
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Fig. 11: Graph of the total volume collected versus temperature for p,o-xylene mixture.
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Fig. 11 shows the total volume collected for the permeate and retentate at
different temperature and pressure. It was observed that when the feed pressure increased,
the total volume collected also increased. As feed pressure increase, more feed will be
pushed through the membrane, thus increasing the amount of volume collected. Besides,
when the temperature increases, the volume collected also increase.
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Tablel2: Analysis uf variance (ANOVA) for i~ full center cumpusit~ d~sign (CCD) for
p-xylene permeation flux
Source Sum of UF' Mean F Proh>Squares Sq!lare Value F
..-. -
Model 8.146E+06 9 9.052E+05 1.55 0.2527a
A 2.906E+06 1 2.906E+06 4.97 0.0499
B 4.478E+05 1 4.478E+05 0.77 0.4021
C 1.259E+06 1 1.259E+06 2.15 0.1731
A2 2.148E+05 1 2.148E+05 0.37 0.5580
B2 1. 147E+06 1 1. 147E+06 1.96 0.1916
C2 2.269E+06 1 2.269E+06 3.88 0.0772
AB 1.374E+05 1 1.374E+05 0.23 0.6384
AC 7.830E+02 1 7.830E+02 0.00 0.9715
BC 7.538E+05 1 7.538E+05 1.29 0.2827
Residual 5.849E+06 10 5.849E+05
Lack ofFit 3.430E+06 5 6.860E+05 1.42 0.3554b
Pure Error 2.419E+06 5 4.838E+05
Cor Total 1.400E+07 19
a Not significant under 95% level of confidence.
b Not significant relative to the pure error due to noise.
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Fig. 12: Parity plot for the actual p-xylene permeation flux and the value predicted from
Eq (1)
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for p-xylene selectivity in Eq (2) is valid for prcscnt study. Fig. 14 compares the
experimental values ofp-xylene selectivity with its predicted model values. It was found
out that the value of correlation coeficient , R2 was found to be 0.8161 which confirm the
accuracy of the model. The suggested model is also shown graphically in Pig. 15. The
figure shows the variation ofp-xylene selectivity with temperature and feed composition.
Table13: Analysis of variance (ANOVA) for 23 full center composite design (CCD) for
p-xylene selectivity
Source Sum of DF Mean F Prob > FSquares Square Value
Model 8.721E-02 9 9.690E-03 4.93 O.OlOl a
A 4. 123E-02 1 4. 123E-02 20.99 0.0010
B 5.084E-04 1 5.084E-04 0.26 0.6220
C 3.168E-05 1 3.1 68E-05 0.02 0.9015
A2 4.831E-04 1 4.831E-04 0.25 0.6307
B2 8.767E-04 1 8.767E-04 0.45 0.5193
C2 3.805E-03 1 3.805E-03 1.94 0.1942
AB 3.305E-02 1 3.305E-02 16.82 0.0021
AC 6.328E-03 1 6.328E-03 3.22 0.1029
BC 2.198E-03 1 2.198E-03 1.12 0.3151
Residual 1.965E-02 10 1.965E-03
Lack of Fit 1.447E-02 5 2.894E-03 2.79 O.l419b
Pure Error 5.178E-03 5 1.036E-03
Cor Total 1.069E-Ol 19
a Significant under 95% level of confidence.
b Not significant relative to the pure error due to noise.
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3.10.1.3. Optimization
The optimum conditions for three independent variables which arc p-xylene feed
composition, temperature and feed pressure for the xylene permeation were obtained by
using numerical optimization feature of Design Expert 6.0.6 Software. The optimization
module in Design-Expert 6.0.6 searches for a combination of factors level that
simultaneously meet the requirements placed on each of the responses and factors. The
goal was set to optimize the p-xylene permeation flux and selectivity. By using the
Design Expert 6.0.6 Software, eight solutions were found and were presented in Table 14.
By default, the solutions are sorted from best to worst, therefore the optimum condition
for solution 1 will be chosen for further process studies. Fig. 16 shows the desirability of
optimum condition for solution 1.
a e J1ImUm con 1 Ions 0 ame rom or e xy ene permea Ion
No. p-X Feed Temperature Feed p-X Flux p-X DesirabilityComposition (OC) Pressure (bar) (kg/m2.h) Selectivity
1 0.80 228.60 1.40 2575.53 1.01965 0.6782
2 0.80 228.10 1.40 2585.1 1.01874 0.6782
3 0.80 226.17 1.40 2618.44 1.01516 0.6774
4 0.49 206.84 1.40 2342.23 1.0064 0.6278
5 0.45 195.21 0.60 1469.05 1.0158 0.5044
6 0.44 195.12 0.60 1457.02 1.01774 0.5043
7 0.45 195.90 0.60 1468.02 1.01589 0.5043
8 0.51 198.72 0.60 1589.46 0.9940 0.5000
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3.10.2 m-xylene and o-xylelle mixture
Table 15 shuws the experiment runs for the binary mixture of m-xylene and 0-
xylene generated by the Design Expelt 6.0.6 Software and its corresponciine m-xylene
penncation flux and selectivity. Table 16 shuws the weight and volume of permeate and
retentate collected during the separation test and the composition of each sample
analyzed by GC. The GC analysis was shown in Appendix A.
Table 15: Experiment runs for binary mixture ofm,o-xylene and the corresponding
results
Factor 1 Factor 2 Factor 3 Response 1 Response 2
Std Run Block A: m-X Feed B: Temperature C: Feed m-X Flux m-X SelectivityComposition Pressure
(Dimensionless) (OC) (bar) (kg/m2.h) (Dimensionless)
8 1 Block 1 0.8 230 1.4 2411.68 0.9906
19 2 Block 1 0.5 200 1.0 1033.46 1.0056
2 3 Block 1 0.8 170 0.6 1263.61 1.0854
1 4 Block 1 0.2 170 0.6 167.50 1.2657
12 5 Block 1 0.5 230 1.0 1576.70 0.9988
5 6 Block 1 0.2 170 1.4 760.97 0.9994
7 7 Block 1 0.2 230 1.4 306.98 1.0733
16 8 Block 1 0.5 200 1.0 1037.76 0.9996
4 9 Block 1 0.8 230 0.6 1014.65 0.9618
6 10 Block 1 0.8 170 1.4 1974.51 0.9481
9 11 Block 1 0.2 200 1.0 896.71 1.0223
11 12 Block 1 0.5 170 1.0 710.75 0.9833
18 13 Block 1 0.5 200 1.0 1288.14 0.9861
10 14 Block 1 0.8 200 1.0 1376.60 0.9558
13 15 Block 1 0.5 200 0.6 735.61 1.0040
17 16 Block 1 0.5 200 1.0 848.50 0.9980
3 17 Block 1 0.2 230 0.6 355.98 1.0076
20 18 Block 1 0.5 200 1.0 1241.49 0.9960
15 19 Block 1 0.5 200 1.0 1002.69 1.0044
14 20 Block 1 0.5 200 1.4 2103.32 0.9928
37
39
Fig. 17. Graph of the total volume collected versus temperature for m,o-xylene mixture.
a Significant under 95% level of confidence.
b Significant relative to the pure error due to noise.
The suggested model is also shown graphically in Figure 4.20. The figure shows
the variation of m-xylene permeation flux with temperature and feed composition.
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Source Sum of DF Mean F Prob> FSquares Square Value
Model 4.762E+06 3 1.587E+06 14.97 < O.OOOl a
A 3.084E+06 1 3.084E+06 29.08 < 0.0001
B 6.220E+04 1 6.220E+04 0.59 0.4549
C 1.616E+06 1 1.616E+06 15.24 0.0013
Residual 1.696E+06 16 1.060E+05
Lack of Fit 1.564E+06 11 1.421E+05 5.35 0.0384b
Pure Error 1.328E+05 5 2.656E+04
Cor Total 6.458E+06 19
Table 17: Analysis of variance (ANaYA) for 23 full center composite design (CCD) for
m-xylene permeation flux
3.10.2.1 m-Xylene Permeation Flux
Table 17 shows the ANaYA for 23 full CCD of the m-xylene permeation flux. A
linear model was proposed in terms of independent and dependent variables. The linear
model for m-xylene permeation flux in terms of coded factors is presented in the Eq (3):
m - xylene Permeation Flux (kg / m 2h) =1105.38 + 555.29A + 78.87B + 402.01C (3)
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Fig. 19: Effect of temperature and feed composition on m-xylene selectivity
Source Sum of DF Mean F Prob > FS9!!~r~~ Square Value
Model 7.687E-02 9 8.541E-03 8.66 0.0012 a
A 1.821E-02 1 1.821E-02 18.45 0.0016
B 6.241E-03 1 6.241E-03 6.32 0.0307
C 1.026E-02 1 1.026E-02 10.39 0.0091
A2 4.239E-04 1 4.239E-04 0.43 0.5270
B2 5.719E-04 1 5.719E-04 0.58 0.4641
C2 1.303E-03 1 1.303E-03 1.32 0.2772
AB 1.329E-03 1 1.329E-03 1.35 0.2728
AC 1.059E-03 1 1.059E-03 1.07 0.3247
BC 3.102E-02 1 3. 102E-02 31.43 0.0002
Residual 9.868E-03 10 9.868E-04
Lack of Fit 9.621E-03 5 1.924E-03 38.93 0.0005 b
Pure Error 2.471E-04 5 4.942E-05
Cor Total 8.674E-02 19
a Significant under 95% level of confidence.
b Significant relative to the pure error due to noise.
Tahle 18: Analysis ofvariance (ANOVA) for 23 full center composite design (CCD) for
m-xylene selectivity
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4.0 Concluding Remarks
The present project focuses on the preparation of silicalite-l membrane and acid
fimctionalized silicalite-l membranes by utilizing 3-mercaplupl'Opyltrimethoxysilane
(3MP) as an organosilica source. The membranes have been characterized by a variety of
chemical and physical characterization techniques. For obtaining a well intergrowth
membrane, the 3MP loading in the synthesis mixture could not reached 20 mol% of the
total silica source. The xylene separation results using silicalite-l membrane was
performed by DOE studies. Further studies are in progress in order to improve the results
of this project.
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1. INTRODUCTION
The combustion of fossils fuels at high temperature in
the gas heating furnaces, power plants, automobile (motor
vehicles) and internal combustion engines produce vari-
ous emission gases such as nitrogen oxides (NOx), car-
bon dioxide (C02), carbon monoxide (CO), hydrocarbons
and sulfur dioxide (SOx). NOx includes several nitrogen
oxide species, N20, NO, N20 3 and N02, are subsequently
vented into the atmosphere not only from the combus-
tion of fuel but also from non-combustion sources through
chemical plants during nitric acid production or chemical
nitriction. l -6 The emission of these gases has become a
global environmental issue as well as a local environmen-
tal pollutant because of the negative effects of these gases
on ecosystems and health such as acid rain and global
warming. Thus, there is a need for measurements of these
emission gases in combustion environments and monitor-
ing is essential to control these gas emissions.
Many instrumental methods, such as infrared (IR) spec-
troscopy, optical spectroscopy, mass spectrometry, chemi-
luminescene detection, and gas chromatography have been
used to determine the concentration of these gases, but
these measurements usually associated with having the
disadvantage of large size and COSt,7-9 In view of the
increasingly strict laws for emissions of these gases, a new
generation of cost effective and reliable gas sensors for
1546-198X12007/51485/015
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Zeolite Membrane Based Selective Gas Sensors for
Monitoring and Control of Gas Emissions
Yeong Yin Fong, Ahmad Zuhairi Abdullah, Abdul Latif Ahmad, and Subhash Bhatia*
School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia, Seri Ampangan,
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The emission of gases such as nitrogen oxides (NOx), carbon dioxide (C02), carbon monoxide
(CO), hydrocarbons and sulfur dioxide (SOx) is a global environment issue. The continuous mon-
itoring and control of these gases are essential. The present review focuses on the application of
zeolite membrane in the gas type sensors. Zeolite membrane plays an important role as a reactive
or non-reactive filtering layer to improve the selectivity and sensitivity of the gas sensor. The major
problems of conventional type sensor and overview of sensor's design are presented. In order to
increase the sensitivity and selectivity of the sensors, oriented zeolite membrane and functional-
. ized zeolite membrane as well as its potential application as a catalytic filtering layer has been
discussed. The success in the development of this new type of filtering layer could further improve
the gas sensor's performance and thus will have a major impact on environment.
Keywords: Zeolite Membrane, Catalytic Zeolite Membrane, Gas and Hydrocarbon Sensors,
Combustion Gases.
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Fig. 1. Advantages of gas sensor development.
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its high sensitivity.1O These sensors have advantages over
competing technologies such as electrochemical, quartz
crystal, spectrophotometric and conducting polymer sen-
sors in terms of long-term stability and robustness.13 Nev-
ertheless, these types of sensors have very poor selectivity
and also suffer long-term stability. Besides, these sensors
respond to a wide range of gases, particularly in exhaust
gases, which contain many species that could interfere
with the sensor oUtpUt. 13,14
In pollution control and especially in automotive appli-
cations, dual response to oxidizing and reducing gases is
the major drawback of using semi-conductors sensors. For
example, in the case of Sn02 sensors, the oxidizing gases
like N02 or 0 3 result in the drop of the electrical con-
ductance and the reducing gases (e.g., CO, NO and He)
increase it. This is especially a problem in NOx detection
where it is necessary to separate NO and N02.15 Besides,
it is not possible to use pure Sn02films for automotive
application consequently to the dual response to CO and
N02· Thus, semiconductor sensors face problems for the
analysis of gaseous mixture.
Since the poor selectivity of most of the current gas
sensors is a major problem that limits their applications,
therefore, several strategies have been suggested to over-
come the problem:
• Addition of second metal into the sensing layer.
The second metals include platinum, palladium, silver,
gold and aluminium. The sensitivity of the sensors was
increased by using appropriate metal. For example, Pd or
Pt doping of Sn02 gave higher sensitivity to CO. 12,16
• Introduction of filtering layer. A way to enhance the
selectivity of existing sensors by using a filtering layer
to physically separate the interfering molecules from the
desired compound. For example, introducing a thin film
filter above Sn02 sensing material. The porous films or
membranes with an action of physical separation based on
the size of the pores and molecules are developed using
concept of molecular sieving. 14
• Applying different working temperatures: The sensitiv-
ity and selectivity for different gases could be increased
by applying different sensing temperature. For example,
temperature of 250°C is needed for CO detection and
450 °C is needed for detection of methane in Sn02 gas
sensors.17-19
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In the case of the use of metallic films as a filtering layer,
the electrical conductance of the sensing material is dif-
ficult to be controlled due to the direct contact between
the metal and the semi-conductor. In order to overcome
these problems, a porous insulating layer between the sens-
ing material and the metallic filter, such as oxide filter of
CuO on Sn02 has been introduced. However, the behav-
ior of this metallic filter is complicated and difficult to
control. 15 The reproducibility is generally poor due to all
diffusion processes occurring in the layer, and also to the
Development of gas
sensor
Disadvantages:
» Large size
» Mobility
» Conlinuou.
monitoring (costly)
Zeolite Membrane Based Selective Gas Sensors for Monitoring and Control of Gas Emissions
Advantages
» Cost effective
.. Reliable
.. Slable and unambiguous ¢=J
signal in harsh environments
.. Reduce gases emission
» Thermal stability
» Continuous monitoring
(possible)
Gases measurement method:
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Mass spectrometry
Chemiluminescene detection
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covering the entire sensor surface has been developed and
the primary goal of showing that zeolite layer can add
selectivity to a sensor has been achieved.12 Zeolite layer,
which act as filters have been used to minimize cross
species interferences by chemically react the gas to unde-
tectable species.
The present review focuses on the application of zeo-
lite membrane as catalytic or non-catalytic filtering layer
in gas sensors for sensing of various emission gases such
as nitrogen oxides (NOx), carbon dioxide (C02), carbon
monoxide (CO), hydrocarbons and sulfur dioxide (SOx).
The problems for using semiconductor gas sensor are
listed out. In order to improve the performance of a sen-
sor in term of selectivity, response time and sensitivity, the
role of zeolite membrane in the gas sensor are highlighted.
The fabrication and design of the zeolite-based sensor is
also covered. The conversion of noxious gases to obnox-
ious gases together with its removal from the automobile
exhaust by the catalytic zeolite membrane layer is another
great interest in the development of zeolite-based sensor.
The synthesis method for developing of the zeolite mem-
brane and the future perspective of zeolite membrane such
as zeolite crystal's orientation and functionalized zeolite
membrane as well as its potential application as a catalytic
filtering layer has also been discussed. The success in the
development of this new type of filtering layer will have
a major impact on the environment by continuously mon-
itoring and control of the emission of these gases as well
as further increasing the sensitivity and selectivity of the
sensors.
2. SENSORS
2.1. Major Problems of Using Semiconductor Gas
Sensor and Introduction of Filtering Layer
Semi-conductor gas sensors have been widely studied
since last 30 years and now there are several commercial
products, especially based on tin dioxide (Sn02) material.
Tin dioxide is one of the most common materials used in
the fabrication of semiconductor gas sensors because of
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NO (0.317 nm)
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CO (0.376 om)
S02 (0.360 nm)
CH4 (0.380 nm)
metal ions substituted in the framework. The zeolites pro-
vide a unique ligand system which provides multiple types
for coordination of the cation, thus providing sites for
catalysis. 15 For a given structure, slight modifications of
the pore sizes can be achieved by substituting some of the
Si and Al in the framework with other atoms like Pt, Na
and Fe or by replacing exchangeable cations with others.
The presence of AIO tetrahedral in the 4 framework leads
to a negatively charged framework, which is neutralized
by cations located in the channels or in the cages that then
reduces their effective size. Replacing these cations with
others will modify the accessible space in the channels,
and so as the properties of the zeolite such as increase
the molecular sieving properties, even if the framework
remains unchanged.!4
The cation-exchanged zeolites offer unique and high
catalytic activity for a wide variety of important reactions.
For example, Pt-Ioaded zeolite Y act as a catalytic filter
layer for the detection of NOx with minimal CO interfer-
ence by catalytic decomposition of CO into CO2 , The cat-
alytic filter layer is placed before the sensor layer is used
to provide two useful effects: sieving properties enabling
size and shape selectivity due to the aperture size of the
pores in the microstructure, and chemical activity such as
cracking or combusting the target molecule in some way
to produce a unique reaction product. Other effects include
the rate of diffusion of reactant and product molecules
through the zeolite channels. This may explain some of
the selectivity observed due to the ease with which certain
molecules pass through the zeolite and thus react. 13
Most of the research groups focused on studies to have
a good control of the performances of these sensors. The
researchers also focused on the materials, especially the
modification by doping and the addition of catalytic met-
als into zeolite framework. Thin films of zeolite (catalytic
or non-catalytic) have been used as a filtering or com-
bine filtering and catalytic layer in the sensing materi-
als for the detection of combustion gases such as NOx,
CO, CO2, S02 and hydrocarbon.1-4. 14 Their capability to
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Fig. 4. Schematic of role of zeolite as filtering layer in gas sensor based
on molecular sieving effect (size exclusion).
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6.5 x 7.0
4.1 x 4.1
5.3 x 5.4
7.3 x 6.0
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7.3 x 7.3
3.9 x 6.3
Aperture free diameter (A)
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Type of zeolite
MFI (Zeolite Socony Mobil-5 or ZSM-5)
FER (Fel'l'iel'ite)
FAU (Faujasite)
MOR (Mordenite)
LTA (Linde lYpe A)
MEL (Zeolite Socony Mobil-Il or ZSM-Il)
BEA (Beta)
DDR (Deca-dodecasil 3R)
AFI (Aluminophosphate (AIPO)-5)
AEL (Silicoaluminophosphate (SAPO)-Il)
2.3. Zeolite Membrane as Catalytic Filtering Layer
Beside of its classical application in gas molecules sepa-
ration, the other important application of zeolites is their
usage as catalysts either as standard, de-aluminated or with
Table I shows the aperture free diameter of selected zeo-
lites. Figure 3 shows the kinetic diameter of the some of
the gaseous molecules.
The size and shape of the zeolite pores, their large sur-
face area, good adsorption and diffusion properties, as well
as their variable hydrophilicity/hydrophobicity make these
materials ideal candidates for the selective sorption of
small molecules and thus, excellent applications as a filter-
ing layer in sensor technology. The type of zeolite has been
selected from different zeolite modification, with respect
to selectivity, temperature stability, and chemical stability.
Although the operating temperature with the best sensi-
tivity and response time was determined to be at 420°C,
the zeolite is stable up to more than 800 °C due to its
excellent thermal and chemical stability. Zeolite based sen-
sors are already in usage for automotive exhaust gas sen-
sors, which are inexpensive, reliable and cost effective.35
Figure 4 shows schematic of role of zeolite as filtering
layer in gas sensor based on molecular sieving effect (size
exclusion).
NO NOz NzO Nz CO CO, S02 CH. nC. C3Hs C6H6
Type of gases
Kinetic diameter versus type of gases
0.7r-----------..;..:..-~----,
0.6
e5°·5
*0.4§
:a 0.3
·Mg 0.2
i2
0.1
Tabla T. Aperture free diameter of ide_ted zeoJitei.34
°
Fig. 3. Kinetic diameter of the gaseous molecules. Reprinted with per-
mission from [30], Z. Lai and M. Tsapatsis. Ind. Eng. Chern. Res. 43,
3000 (2004). © 2004, American Chemical Society.
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be increased. The voltage output of the sensor electrode
response to changes in the gas concentrations versus time
was monitored by gas chromatography. The sensor signal
was magnified by keeping the filter layer and sensor at
different temperatures.3 The example of sensing signal for
gas mixtures is shown in Figures 7(a) and (b) respectively,
where the good filtering and catalytic properties of the zeo-
lite film can be clearly seen. With an additional Pt-ZSM-5
catalytic filtering layer, the sensitivity to C3H6 and NO
decreases, whereas the sensitivity to Hz increases slightly.
The sensor does not respond to CO anymore, probably
because CO is fully oxidized. However, the zeolite layer
leads to increase in propane sensing response.36•37
Fig. 7. Response behavior of CrZ0 3 sensing layer covered electrode
structure (a) without Pt-ZSM-5 zeolite layer (b) with additional Pt-ZSM-5
zeolite layer. Reproduced with permission from [36), G. Hagen et aI.,
Sens. Actuators B Chern. 118, 73 (2006). © 2006, Elsevier.
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such as semiconducting metal oxides in combination
with zeolite cover layers for selectivity enhancement are
reported.36,37 The basic design of gas sensor is shown in
Figure 6.
Zeolite based sensors normally consist of (refer to
Fig. 6):
(1) zeolite filtering layer (catalytic or non-catalytic),
(2) semiconductor metal oxide as a sensing layer
(3) electrode
(4) substrate
(5) heater
The electrodes and a heater are printed on either side of
the substrate. The electrodes are then covered by a sens-
ing layer (normally 2 mm x *-2 mm), with a thickness of
around 20 /Lm. Zeolite layers (2-20 /Lm thick) are then
grown onto the external surface of the sensing layer act-
ing as barriers for interfering species. Platinum and gold
are used as the electrodes of the sensor because of its sta-
bility during hydrothermal synthesis of zeolite layer and
at sensing conditions at elevated temperature.39,40 Zeolite
MFI, LTA, Y as well as Pt-Yare the common zeolite layer
which are synthesized and covered the surface of the sens-
ing layer using seeded hydrothermal growth method (will
be discussed in the later section). The sensing layer usually
contains SnOz as a base material, doped with palladium
(Pd) or platinum (Pt), although many other semiconductor
metal oxides have also been advocated for this purpose.38
For example, chromium titanate, Crz_xTixOy , (CTO) has
been used commercially for many years as a material for
making gas sensing devices, and has an advantage over
other gas sensitive metal oxide materials by being rela-
tively insensitive to water and stable over long periods of
time.41 Alumina, yttria-stabilized zirconia (YSZ), Pt-YSZ
and quartz3, IZ, 40 are the common electrically insulating
substrates used for fabrication of zeolite based sensors
because of it's characteristic such as high chemical and
thermal durability, smooth and porous surface, and process
compatibility.
3.2. Sensor's DetectionI
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The principle of zeolite-semiconductor gas sensor is based
upon a variation of conductivity induced by the adsorption
of various gases. 14 For example, by using a Pt-loaded zeo-
lite Y as a catalyst filter before a sensor, NOx species in
the gas stream are brought to an equilibrium concentration
of NO and NOz. The equilibrated NOx is then measured
with a yttria stabilized zirconia (YSZ) (substrate) sen-
sor using a chromium oxide (sensing layer) sensing elec-
trode. With n-type semiconductors such as SnOz, adsorbed
oxygen immobilizes the electrons near the surface of the
SnOz particles.16 If a gas, such as a hydrocarbon, reacts
with adsorbed oxygen, these electrons are released and
the electrical conductivity increases (electrical resistance
decreases). Finally, by varying the temperature of the
filter relative to the sensor, the signal magnitude could
Sensor Letters 5, 485-499, 2007
4. SYNTHESIS OF ZEOLITE
MEMBRANE/FILM
Intensive research efforts have been devoted to the devel-
opment of zeolite membrane and its role in sensor's per-
formance. However, it is crucial to know how to prepare
zeolite membrane with high permeability and selectiv-
ity (thin, uniform, defects and cracks free oriented thin
layer). There are two critical important stages to be consid-
ered during the formation of supported zeolite membrane;
(a) nucleation and (b) crystal growth. These two stages
are very sensitive to the experimental conditions such as
synthesis solution/gel composition synthesis temperature,
synthesis time and the substrates which could be mani-
pulated to control the crystal growth. The most common
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Table II. Zeolite type and synthesis method used by various researchers for developing zeolite-based sensors.
Zeolite Membrane Based Selective Gas Sensors for Monitoring and Control of Gas Emissions
Ref.
[IG]
[4tl]
[40]
Syuthesis method
Secoudaty gmwth
Secondary growth
Secondary growth
In situ crystallization
Gas sensors with high sensitivity to combustion products,
such as CO, hydrocarbons, NOx, CO2, along with rapid
response and recovery times are necessary for combustion
optimization. These sensors need to withstand the harsh
environments of the combustion process, including high
temperatures (>400 .C). Following are the zeolite based
sensors studied by various researchers for such applica-
tion. The behaviour of the zeolite modified sensors can
be explained by taking into account the permeation path-
ways on the zeolite layers formed, and also the specific
adsorption characteristics of the zeolites used.
seeds to the substrate by silane coupling agent (for exam-
ple: 3-chloropropyltrimethoxysilane) is another method
used by the researcher to develop a monolayer before the
growth of membrane.46•48
5.3. Zeolite Membrane Growth on Sensing Materials
The monolayer during seeding deposition will grow into
a continuous zeolite layer during hydrothermal process.
The steps involved in the hydrothermal growth of zeo-
lite membrane on sensor surface are shown in Figure 8.
The reaction mixture composition is similar with the mix-
ture used for synthesis of zeolite seeds. The sensor sub-
strates, which have already undergone the deposition of
a zeolite seed monolayer, are placed in the bottom of
the Teflon-lined autoclave stainless steel reactor. Repeated
hydrothermal synthesis may be needed to obtain a contin-
uous membrane.38
6. PERFORMANCES OF ZEOLITE BASED
SENSOR
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6.1. Non-Catalytic Zeolite Based Sensor: Filtering
6.1.1. NOx Sensing
As mentioned in the earlier section, NOx sensor requires
a pre-equilibration of the gas mixture at a temperature
which is significantly different from the sensing tempera-
ture. Zeolite NaY layer deposited on yttria stabilized zir-
conia (YSZ) have been utilized as gas sensors by Szabo
et aI.' Figure 9 shows the responses of a blank (no NaY
coating) and NaY coated sensor for 0-800 ppm NO in
3% O2 reported by Szabo et al. t and the zeolite layer
causes an enhanced signal towards NO. Automatic test
Gel cumpusitiun
4.5TEOS:ITPAB1:IKOH:IOOOH20
80Na,O:IAI20~:9Si02:5000H20
U.t :lNlI,O:!lStU, :U:nAI,UJ:!l.tl(I'MA),U::l~UI1,U
0.35Na20:25Si02:0.25AI203:4.5(TEA),O:295H20
NaOH:NaAI02:Si02:Na,O (ratio not given)
MFI
LTA
I:I'A
BEA
FAU
Zeulite Type
Fang et al.
5.1. Seeds Preparation
Zeolite seeds are grown by hydrothermal synthesis, begin-
ning from reaction mixtures consist of silica source,
structure directing agent (normally tetrapropylammo-
nium hydroxide(TPAOH), tetrapropylammonium bromide
(TPABr)), deionized water and other sources depending on
the type of zeolite form.
Sensor with zeolite
monolayer
5.2. Seed Deposition
Calcinations for SDA removal 450 ·C. 8 hrs
Few methods have been practiced by the researchers to
deposit zeolite seeds omto the substrate before hydrother-
mal growth of the membrane. The most common method
for seed deposition is dip-coating method. In this method,
the zeolite seeds produced are diluted with distilled water
to form zeolite solution. A monolayer of zeolite is cre-
ated onto the sensor surface by immersing the sensor
layer into the zeolite solution.24 Vacuum seeding is another
method in seed deposition. In the vacuum seeding pro-
cess, a thin, uniform and continuous seeding layer was
closely attached to the support surface by the pressure
difference between the two sides of the support wall.49
Electrophoretic deposition (EPD) has also been applied
as a seeding method to coat the charged seeds onto the
substrate. Abdollahi et al.50 claimed that the advantages
of EPD including continuous processing, uniform deposi-
tion and control of deposit thickness. Covalently link the
Fig. 8. Steps involved in the hydrothermal growth of zeolite film on the
sensor surface.
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Fig. 12. Response profiles to CO. H2 and C2HsOH. The ethanol filter-
ing layer was FER zeolite; the layer thickness was 75 JLm. Reproduced
with permission from [52]. K. Fukui and S. Nishida. Sens. Actuators B
Chern. 45. 101 (1997). © 1997. Elsevier.
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Fig. 13. Response transients to 1-13 ppm NO in the presence of 3%
O2 and different levels of CO2 or CO: (a) 20% and 30% CO2 with the
Pl-Y filter at 400 'C; (b) 1500 and 2000 ppm CO with the Pl-Y filter at
400 'C; (c) 1500 and 2000 ppm CO without a Pt-Y filter. Reproduced
with permission from [51]. J. C. Yang and P. K. Dutta. Sens. Actuators
B Chern. 125.30 (2007). © 2007. Elsevier.
hydrocarbon and CO.53 In 1995, Plog and coworker54 were
able to detect butane at concentrations down to 10 ppm
with a PtY-covered capacitor which showed no response
to CO and Hz. Tromboli and Duttall reported the detec-
tion of hydrocarbons without interference from CO. CO
in 250 ppm was totally eliminated by introducing of Pt-Y
zeolite onto the sensing materials. Further effort of sensing
NO by eliminating the interference from CO was stud-
ied by Yang and Dutta.5l Figures 13(a) and (b) show the
effectiveness of using Pt-Y zeolite layer on sensing NO,
where the interference from CO and COz was eliminated.
As shown in Figure 13(c), without a Pt-Y filter layer, inter-
ference of CO with NO is clearly seen. They also reported
the successfulness of using Pt-Y zeolite layer to elimi-
nating the interference form propane and ammonia gases
when sensing of NO.
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6.2. Catalytic Zeolite-Based Sensor: Combined
Filtering and Catalytic Role
One of the major advantages of developing zeolite-based
sensor is because of its catalytic role. Metal (such as plat-
inum, molybdenum, copper or rhodium) doped zeolite has
been widely studied by the researchers, and successful
to increase the sensitivity and selectivity of the sensor
towards various gases. However, the most important role
Fig. 14. Sensor resistance as a function of the nature (methane or
ethanol) and concentration of the organic compound at 350 'C with 0%
relative humidity in the feed. for the reference (unmodified) sensor and
for sensors modified with silicalite and zeolite A layers. Reproduced with
permission from [38]. M. Vilaseca et al.. Caw/. Today 82. 179 (2003).
© 2003. Elsevier.
Vilaseca et al.38 also found that the addition of zeo-
lite layers on Pd-doped SnOz sensing layer reduced (for
MFI) or even eliminated (for LTA) the sensor response to
hydrocarbons such as methane and methanol, propane and
ethanol. Comparison between both of these layers upon
the sensing response to methane and methanol are shown
in Figure 14. The result shows that the effectiveness of
the zeolite layer to increase the sensitivity and selectiv-
ity of ethanol. Further work has been done by Vilaseca's
group16 by modifying the sensors with a film of zeolite A.
They found that it is possible to strongly reduce or elimi-
nate their response to propane, hydrogen and methane was
possible and the sensors are still able to respond signifi-
cantly to CO, and especially to ethanol and water. When
silicalite films were deposited on PdlSnOz sensing materi-
als, the sensitivity towards propane and hydrogen was also
strongly reduced, while the sensitivity towards water and
hydrogen was enhanced.
Hagen et a1.36.37 utilized Na-ZSM-5 and Pt-ZSM-5 zeo-
lite as filtering layers for improved the selectivity of sens-
ing hydrocarbon gases. Their results are shown in Figure 7.
The significant of zeolite filtering role was clearly seen
and high sensitivity and selectivity of hydrocarbon gases
were obtained.
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Fig. IS. 3-dimensional pore structure of MFI zeolite (ZSM-5 and Silicalite-l).
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0.51 X 0.55 nm
8. ACID FUNCTIONALIZED ZEOLITE
MEMBRANE: ITS POTENTIAL
APPLICATION IN GAS SENSOR
Another new reseurch ureu in zeolite bused llenllor ill to
develop acid functionalized zeolite membrane, which can
be applied as a catalytic or non-catalytic filtering layer.
Acid functionalized zeolite membrane is a type of organic-
inorganic hybrid material where organic functional group
covalently adhered within the pore structure of the zeolite
framework. The oxidation of the organic functional group
to acid functional group resulted in shape-selective cata-
lyst with inorganic solids containing organic active acid
site.64-66 The synthesis of acid functionalized zeolite crys-
tal and its catalytic performance has been reported by var-
ious researchers,67-73 and these materials have shown to
be effective shape-selective catalysts in various reactions
based on the type of functional group used. The flexibility
in synthesis of this type of material is the organic func-
tional groups can be easily chosen and designed to meet
different requirements and different type of reaction. But
up to date, only a limited number of the organic functional
groups can be synthesized and incorporated into the zeolite
pore structure, such as phenethyl (PE) trimethoxysilane,
mercaptopropyl (MP) trimethoxysilane and ethylcyclohex-
enyl (CHE) trimethoxysilane.66-71 Further more; there are
practically no research publication reports on the develop-
ment of acid functionalized zeolite membrane.
However, before apply in gas sensor, following are some
problems existing for development of these new types of
membranes:
(1) amorphous impurities; future studies should aim to
remove this trace amorphous impurity, in order to get
highly crystalline acid functionalized zeolite membrane.
(2) pore blocking by the organic functional groups (only
high-silica zeolites were prepared).
a
/
Pt-Y and c'n-ZSM·;')
Pt-Na-Y, Na-ZSM-5,
Pt-Z'lM-5. LTA
FAU
Zeolite Membrane Based Selective Gas Sensors for Monitoring and Control of Gas Emissions
Catulytic zeolite filtering layer
NO. (NO allli NO%)
Hydrocarbon gases
Typc of gascs
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type of zeolite should be discovered for such applications.
The following sections discuss on the new issues of zeo-
lite membrane, in order to further improve the sensing
and catalytic properties of zeolite layer in zeolite-based
sensors.
7. ORIENTED ZEOLITE MEMBRANE
Table V. Summary of effective gases detection with respective zeolite
layer on zeolite based sensor.
b
Preparation of oriented zeolite membrane as a filtering
layer is a new concept which can be applied in zeolite
based-sensors. For example, as shown in Figure 15, zeo-
lite MFI has the pore structure of straight (b-oriented),
circular pores (0.54 x 0.56 nm) interconnected with sinu-
soidal (a-oriented), elliptical pores (0.51 x 0.54 nm) and a
tortuous path along the c-direction. The synthesis of ori-
ented zeolite membrane has been practiced in the past few
years by different research groupS.59-63 Both experimen-
tal data and simulation results have already suggested that
the straight channel along the b-axis is the faster diffusion
pathway in zeolite MFl crysta1.30 However, the application
of oriented zeolite membrane in gas sensor still remains
a new task. Research need to be carried out and the per-
formance of oriented zeolite membrane as a filtering layer
need to be investigated. With suitable orientation of zeo-
lite crystals in the membrane, the effectiveness of gases
separation may improve; thus, will increase the sensitivity
and selectivity of the sensors.
Sensor Letters 5, 485-499, 2007
I I
I
i
:~'I
!
L I
-
r-
'--!
I
I
\
I{
•I
'I
'I
I
I
I
I
I
I
I
I
I
I
I
Zeolite Membrane Based Selective Gas Sensors for Monitoring and Control of Gas Emissions
:1
:~~I
I i
i i;;.
j i
'-,_J
-,I
i
:.
,j.
I
I
I
I
I
I
I
I
I
I
Fong et al.
7. K. KJapchek and P. Winkler. Atoms. t:nviron. IlJ. 1545 (1985).
8. P. K. Falcone. R. K. Hanson. and C. H. Kruger. Combust. Sci. Tech-
lUll. ~5, III (19113).
9. R. S. Huttc and R. E. Sievers. J. Chromatogr. Sci. 24. 4lJlJ (19116).
10. J. W. fefgu5, SlIm. ActuutUl; D Ch"w. 121, G52 (2007).
11. J. Trimboli and P. K. Dutta. Sens. Actuators B Chem. 102, 132
(2004).
12. W. L. Rauch and M. Liu. J. Membr. Sci. 311. 4307 (2003).
13. D. P. Mann; T. Paraskeva, K. F. E. Pratt. I. P. Parki. and D. E.
Williams. Meas. Sci. Technol. 16. 1193 (2005).
14. O. Hugon, M. Sauvan. P. Benech. C. PijoIat. and F. Lefehvre. Sen.,.
Actuators B Chem. 67. 235 (2000).
15. C. Pijolat. J. P. Viricelle. G. Toumier. and P. Montmeat. Thin Solid
Films 490. 7 (2005).
16. M. Vilaseca. J. Coronas. A. Cirera. A. Cornet. J. R. Morante. and
J. Santamaria. Sens. Actuators B Chern. 124.99 (2007).
17. S. Ahlers. G. Muller. and T. Doll. Sens. Actuators B Chern. 107.587
(2005).
18. K. D. Schierbaum. J. Geiger. U. Weimar. and W. Gopel. Sens. Actu-
ators B Chern. 13-14. 143 (1993).
19. A. Cirera. A. Cabot. A. Comet. and J. R. Morante. Sens. Actuators
B Chern. 78. 151 (2001).
20. J. Zhou. P. Li. S. Zhang. Y. C. Long. F. Zhou. Y. P. Huang. P. Y.
Yang. and M. H. Bao. Sens. Actuators B Chern. 94. 337 (2003).
21. G. Xomeritakis. Z. Lai. and M. Tsapatsis. Ind. Eng. Chem. Res. 40.
544 (2001).
22. J. Motuzas. A. Julbe. R. D. Noble. C. GlIizard. Z. J. Beresnevicius.
and D. Cot. Microporous Mesoporous Mater. 80. 73 (2005).
23. W. Shan. Y. Zhang. W. Yang. C. Ke. Z. Gao. Y. Yeo and Y. Tang.
Microporous Mesoporous Mater. 69. 35 (2004).
24. M. P. Bernal. G. Xomeritakis. and M. Tsapatsis. Catal. Today 67.
101 (2001).
25. G. Bonilla. D. Vlachos. and M. Tsapatsis. Microporous Mesoporous
Mater. 42. 191 (2001).
26. A. L. Deshayes. E. E. Miro. and G. I. Horowitz. Chern. Eng. J. 122.
149 (2006).
27. J. Hedlund. J. Sterle. M. Anthonis. A. Bons. B. Carstensen.
N. Corcoran. D. Cox. H. Deckman. W. Gijnst. P. Moor. F. Lai.
J. Mchenry. W. Mortier. J. Reinoso. and J. Peters. Microporous
Mesoporous Mater. 52. 179 (2002).
28. H. Kita. K. Fuchida. T. Horita. H. Asamura. and K. Okamoto. Sep.
Purif. Technol. 25. 261 (2001).
29. S. Nair. Z. Lai. V. Nikolakis. G. Xomeristakis. G. Bonilla. and
M. Tsapatsis. Microporous Mesoporous Mater. 48.219 (2001).
30. Z. Lai and M. Tsapatsis. Ind. Eng. Chern. Res. 43. 3000 (2004).
.31. K. Keizer. A. J. Burggraaf. Z. A. E. P. Vroon. and H. Verweij.
J. Mernbr. Sci. 147. 159 (1998).
32. C. J. Gump. V. A. Tuan. R. D. Noble. and J. L. Falconer. Ind. Eng.
Chern. Res. 40. 565 (2001).
33. O. De La Iglesia. S. Irusta. R. Mallada. M. Menendez. J. Coronas.
and J. Santamaria. Microporous Mesoporous Mater. 93. 318 (2006).
34. Ch. BaerIocher. W. M. Meier. and D. H. Olson. Atlas of Zeolite
Framework Types. Structure Commission of the International Zeolite
Association. Elsevier. Amsterdam (2001). 5th edn.
35. R. Moos. R. Muller. C. Plog. A. Knezevic. H. Leye. E. Irion.
T. Braun. K. J. Marquardt. and K. Binder. Sens. Actuators B Chern.
83. 181 (2002).
36. G. Hagen. A. Dubbe. G. Fischerauer. and R. Moos. Sens. Actuators
B Chern. 118. 73 (2006).
37. G. Hagen. A. Dubbe. F. Rettig. A. Jerger. Th. Birkhofer. R. Muller.
e. Plog. and R. Moos. Sens. Actuators B Chern. 119.441 (2006).
38. M. Vilaseca. J. Coronas. A. Cirera. A. Cornet. J. R. Morante. and
J. Santmaria. Caral. Today 82. 179 (2003).
39. J. Coronas and J. Santamaria. Chern. Eng. Sci. 59. 4879 (2004).
Sensor Letters 5, 485-499, 2007
40. M. Usada. 1. Sasaki. M. Nishioka. M. Sadakata. and T. Okubo.
Microporous Mesoporous Mater. 23. 287 (1998).
41. 0, P. MNlIII. K. F. E. Pratt. T. Paraskeva. and I. P. ParkIn. TF.F.F. 4.
1114 (2004).
42. O. Li. E. Kik.u"lIi. ami M. Malsukala. MieroplJrtJus MeslJporlJus
Mater. 62. 211 (2003).
43. L. T. Y. Au, W. Y. Mui, P. S. Lau. C. T. Ariso. nnd K. L. Ycun~.
Microporous Mesoporous Mater. 47. 203 (2001).
44. A. B. Murcia. E. Morallon. D. C. Amoros. and A. L. Solano. Micro-
porous and Mesoporous Mater. 78. 159 (2005).
45. E. R. McLeary. J, C. Jansen. and F. Kapteijn. Microporous and Meso-
porous Mater. 90, 198 (2006).
46. Z. Lai. G. Bonilla. I. Diaz. J. G. Nery. K. Sujaoti. M. A. Amat.
E. Kokkoli. O. Terasaki. R. W. Thompson. M. Tsapatsis. and D. G.
Vlachos. Science 300. 456 (2003).
47. J. Motuzas. A. Julbe. R. D. Noble. A. Van Der Lee. and
Z. J. Beresnevicius. Microporous Mesoporous Mater. 92. 259 (2006).
48. S. Mintova and T. Bein. Microporous Mesoporous Mater. 50. 159
(2001).
49. A. Huang. Y. S. Lin. and W. Yang. J. Mernbr. Sci. 245. 41 (2004).
SO. M. Abdollahi. S. N. Ashrafizadeh. and A. Malekpour. Microporous
Mesoporous Mater. in press.
51. J. C. Yang and P. K. Dutta. Sens. Actuators B Chern. 125. 30
(2007).
52. K. Fukui and S. Nishida. Sens. Actuators B Chern. 45. 101 (1997).
53. K. Takaaki. Appl. Catal. B 65. 185 (2006).
54. C. Plog. W. Mallnz. P. Kurzweil. E. Obermeier. and C. Scheibe.
Sens. Actuators B Chem. 25. 403 (1995).
55. M. Shelef. C. N. Montreuil. and H. W. Jen. Catal. Lett. 26. 277
(1994).
56. I. Halasz. A. Brenner. and K. Y. Siman Ng. Catal. Lett. 34. 151
(1995).
57. J. G. M. Brandin. L. H. Anderson. and e. U. I. Odenbrand. Acta
Chern. Scand. 44. 784 (1990).
58. B. J. Adams. G. D. Lei. and W. M. H. Sachtler. Catal. Lett. 28. 119
(1994).
59. A. Bons and P. D. Bons. Microporous Mesoporous Mater. 62. 9
(2003).
60. Z. Wang and Y. Yan. Microporous Mesoporous Mater. 48. 229
(2001).
61. J. H. Koegler. H. Bekkum. and J. C. Jansen. Zeolites 19. 262 (1997).
62. M. J. Exter. H. Bekkum. C. J. M. Rijn. F. Kapteijn. J. A. Moulijn.
H. Schellevis. and C. I. N. Beenakker. Zeolites 19. 13 (1997).
63. W. Y. Dong and Y. C. Long. Microporous Mesoporous Mater. 76. 9
(2004).
64. U. Diaz. A. Jose. V. Moya. and A. Corma. Microporous Mesoporous
Mater. 93. 180 (2006).
65. J. Guo. A. J. Han. H. Yli. J. P. Dong. H. He. and Y. C. Long. Micro-
porous Mesoporous Mater. 94. 166 (2006).
66. e. W. Jones. M. Tsapatsis. O. Tatsuya. and M. E. Davis. Microporous
Mesoporous Mater. 42. 21 (2001).
67. B. A. Holmberg. S. J. Hwang. M. E. Davis. and Y. Yan. Microporous
Mesoporous Mater. 80. 347 (2005).
68. S. Monique. G. Elisabeth. O. G. Jean. and P. V. Valentin. J. Mater.
Chem. 14. 1347 (2004).
69. Y. Shin. S. Z. Thomas. E. F. Glen. L. Q. Wang. and L. Jun. Micro-
porous Mesoporous Mater. 37. 49 (2000).
70. C. W. Jones. K. Tsuji. and M. E. Davis. Microporous Mesoporous
Mater. 33. 223 (1999).
71. K. Tsuji. C. W. Jones. and M. E. Davis. Microporous Mesoporous
Mater. 29. 339 (1999).
72. K. Yamamoto. Y. Sakata. Y. Nohara. Y. Takahashi. and T. Tatsumi.
Science 300. 470 (2003).
73. C. W. Jones. Science 300. 439 (2003).
499
Development of functionalized zeolite membrane and its potential
role as reactor combined separator for para-xylene production
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Abstract
Zeolite membranes are relatively new class of advanced materials where its characteristics have opened up the new opportunities of their
application in separator, sensitivechemical sensors, and catalytic membrane reactor. The present review focuses on the development offunctionalized
zeolite membrane and subsequently its usage in the catalytic membrane reactor for combined separation and reaction of xylene isomers in a single
unit. Synthesis of functionalized zeolite microporous crystal, development of functionalized zeolite membrane and xylene isomerization are
presented and discussed. The models representing combined separation and reaction using functionalized zeolite membrane are also suggested.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
The industrial production and recovery of para-xylene is
an important step in a large petrochemical plant. Xylene has
three isomers namely para-xylene (molecular size ""0.58 nm),
ortho-xylene and meta-xylene (molecular size ""0.68 nm) and
are used as industrial solvents or intermediates for many deriva-
tives [1-5]. Of the three xylene isomers, para-xylene has the
largest commercial market. As reported by Ministry of Econ-
omy, Trade and Industry (MITE), Japan, the worldwide demand
for para-xylene will increase to 27.8 million tonnes in year 2008
from 18.7 million tonnes in year 2002. Para-xylene is the feed
for the production of pure terephthalic acid (PTA), which in tum
is used in the production of polyester resin and fibers.
In order to meet the para-xylene demand, para-xylene is
currently produced in the petrochemical industry through two
different routes: (1) separation of para-xylene from its iso-
mers and (2) conversion of less used ortho- and meta-xylenes
to para-xylene through xylene isomerization reaction. Separa-
tion ofpara-xylene from its isomers is an important operation
• Corresponding author. Tel.: +6045996409; fax: +6045941013.
E-mail address:chbhatia@eng.usm.my (S. Bhatia).
1385-8947/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: I0.1016/j.cej.2007.10.019
in the petrochemical industry, but it is difficult to separate the
isomers due to their close boiling points, para-xylene (boil-
ing point =138.4 QC), meta-xylene (boiling point=139 QC) and
ortho-xylene (boiling point= 144.4 QC). Thus, the xylene iso-
mers are currently separated by cryogenic crystallization, or
selective adsorption process Parex, which is highly energy inten-
sive. The current technology for xylene isomerization process
such as XyMax (ExxonMobil) also consumes high energy.
Therefore, there is a need to develop an efficient and energy
saving technology to recover and separate para-xylene from its
isomers.
Zeolite membranes or films have been in focus in recent years
because of their well-defined micropore structure, good ther-
mal and structural stability, high mechanical strength, feasible
for steady-state operation, low energy consumption, resistance
to relatively extreme chemical environment and great poten-
tial for combined steps of reaction/separation [2,6-10]. Zeolites
are crystalline, microporous aluminosilicates which find exten-
sive industrial usage as catalysts, adsorbents, and ion exchangers
with high capacities and selectivities [9,11,12]. When zeolites
are grown as films, zeolite membrane is formed. The character-
istics ofzeolite membrane have found its new application in gas,
vapor and liquid separation especially in petrochemical indus-
try based on their properties adsorption, preferential diffusion,
y. Y. Fong et al. / Chemical Engineering Journal 139 (2008) 172-193
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Fig. 1. Three-dimensional pore structure of MFI zeolite (ZSM-5 and silicalite-l).
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with organic groups, result in organic-functionalized molecular
sieves material which is crystalline with inorganic frameworks
and pendant organic groups in the pores (Fig. 2). The synthesis
of crystalline, microporous silicates (zeolite) with organic func-
tionalities covalently adhered within the micropores resulted in
new class of shape-selective catalysts with organic active sites.
The organic functional groups confined within the micropores
of the zeolites could be utilized as shape-selective catalysts
for number of industrial important reactions [26-32]. These
catalysts can be used in the synthesis of fine chemicals, pharma-
ceutical precursors and organic compounds.
The MFI zeolite membrane has a potential to perform as
shape-selective catalysts for xylene isomerization when the
organosulfonic acid groups are covalently attached to the frame-
work of the zeolite crystals present in the membrane. Thus,
the zeolite membrane could become an acid-functionalized
zeolite membrane where the acidic functional group is the
organic active reaction site for the isomerization reaction. The
acid-functionalized zeolite membrane has strong acidity and
hydrophilicity at elevated temperatures, molecular sieving capa-
bility, stable in most organic media and the active sites can be
tailored to meet the needs of the reaction interest [26,30]. There-
fore, acid-functionalized MFI zeolite membrane couldbe used as
Fig. 2. Schematic micropore of acid-functionalized zeolite [25].
a catalytic membrane where the combination of xylene reaction
and separation could be operated in a single reactive separation
step. This type of process intensification may likely to increase
the yield and production ofpara-xylene. At the same time, more
efficient heat integration along with the simultaneous reaction
and separation could be achieved in a single unit resulting in
substantial savings.
Synthesis and application of acid-functionalized MFI zeolite
membrane where the acidic functional group is the organic active
reaction site for the xylene isomerization reaction still remain
a new task. Therefore, the present review is focusing on the
potential development of acid-functionalized MFI zeolite mem-
brane as a catalyst and separator (catalytic membrane reactor)
for xylene isomerization process. The present review may lead to
the better understanding of the process and factors responsible
for the xylene isomerization and para-xylene separation over
functionalized MFI zeolite membrane. The knowledge gener-
ated will be a first step leading to the development of catalytic
membrane reactor to be used in the petrochemical industry for
the production ofpara-xylene.
2. Zeolite membrane synthesis
Two critical stages are important to be considered during
the formation of supported zeolite membrane: (a) nucleation
and (b) crystal growth. These two stages are very sensitive
to the experimental conditions such as synthesis solution/gel
composition synthesis temperature, synthesis time and the sup-
ports which could be manipulated to control the crystal growth.
The most common methods for synthesis of supported zeolite
membranes reported so far are in situ crystallization, secondary
(seeding) growth and vapor phase transport method (dry gel con-
version method) [5,33]. Self-supported zeolite membranes have
also been developed but of limited use because of their poor
mechanical durability [4,13]. Template-free MFI zeolite mem-
brane also being developed by Lin and coworkers [34], however,
the effects oftemplate on the pore opening ofthe membrane were
not clearly discussed. It is clear that the preparation method
influences the characteristics of the zeolite membrane formed
especially of its microstructures and preferential orientation of
the crystals [8].
- - - - - - - - - - -
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Table 2
Effect of synthesis parameters for development of oriented MFI zeolite membrane
Zeolite type Gel composition SDA Synthesis method Synthesis temperature Support Membrane eryslal Ref.
and time thickness (JJ.m) orierla:OOn
Silicalite-I TEOS:0.23TPAOH: 165H20 TPAOH Secondary growth 175°C, 8 h (two steps) SS tube 25 c [50]
Silicalite-I ITEOS:xKOH:O.13Trimer-TPAI:238H20, Trimer·TPAI Modified secoudary 175°e,24h SS316Ldisk Not given b [51]
x=0.20 and 0.58 growth l"<:
Siliceous 40Si0 2:5Trimer- Trimer-TPAOH Modified secondary 175°e.24h a-Ah03 disc 1-1.5 b [1,14] l"<:
ZSM-5 TPAOH:9500H20:8KOH: 160EtOH growth ~
5Si02: ITPAOH: lOOOH20:20EtOH TPAOH Secondary growth 175°e.24h a-A1203 disc 12 b,a,c, r.Oh ~~5Si02: ITPAOH: lOOOH20:20EtOH TPAOH Secondary growth 90°C, 5 days a-A1203 disc 1.5-2 b amI a l:l,...
Silicalite-I TEOS:O.IlTPAOH: IlOH20 TPAOH Secondary growth l75°e.48h SS 316L disc 45 c, (hOi<) [52] .....9ZSM-5 TEOS:O.O l75AI203:0.llTPAOH:1IOH20 TPAOH Secondary growth l75°e.24h SS 316L disc 7.5 c. (hOi<) ~Silicalite-l 4OSi02:9TPAOH:9500H20: 160EtOH TPAOH Secondary growth 140oe.96h a-Ah03 disc 30 (hOil) [9] [Silicalite-I 0.32TPAOH:TEOS: I65H20 TPAOH In situ 165°e.2h SS 304 plate <0.4 b [45]
crystallization !i'co
Silicalite-I 4Si02:0.9TPAOH:950H20: 16EtOH TPAOH In situ 140oe.20h a-Ah03 disc 12-15 a [53] s·
"crystallization "~.
Secondary growth (hOll) co
~
Silicalite-1 0.84TEOS:0.23TPAOH:99H20 TPAOH In situ 165°e.2h Silicon wafer 0.5 b [42] l::::I
crystallization £.
Silicalite-I (5-20)TEOS:(0.41.5)TPA20:2000H20 TPAOH In situ 180°C, 4 days Silicon 0.2-1 a, c [46] .........
crystallization '0N
High-silica MFI Rl.R2·Na20·Si02·H2S04·NaF·H20·RI, Co-template, R1 and R2 In situ 160°C for 5-30 days
- -
[100], [49] ~seeds R2 = EtHMTABr crystallization (or 180°C for 2-15 [0 I 0]
.....(N-ethyl-hexamethylenetetrammonium days) ;:j
bromide), PA (n-propylamine), I.....
'0
BA(n-butylamine) or EA (ethylamine) ....
(i) EtHMTABr (N-ethyl-
hexamethylenetetrammonium
bromide)
(ii) PA (n-propylamine)
(iii) BA (n-butylamine) or
(iv) EA (ethylamine)
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Table 3
Separation factor and permeance results obtained by various researcher on xylene separation using MFI zeolite membrane
Zeolite type Crystal Membrane Operatjng Feed partjal SeparatIOn tactor Penneance (mol/m2 sPa) Ret.
orientation thickm:ss (fJ.m) temperilture ("e) prc.ssurc (kPil) (binary mixturc)
Silicalite-I Random 2 250 p-X=0.52 17.8 p-X=9.5 x 10-9 [56]
o-X=0.39 o-X=6.0 x 10-10
250 p-X=0.26 p/(m +0) = ~-30 poX = 1.1 x IO-~
o-X=0.20 p/m=~30 o-X=4.2 x 10-10
m-X=0,49 p/o=~30 m-X=4.2 x 10-10
Silicalite-l c 25 150 p-X = 0.23 plm=4.6 p-X=7.5 x 1O-6 moVs.m2 [50]
o-X = 0.26 plo=3.6 o-X=6.5 x 10-7
m-X=0.83 m-X=2.6 x 10-6
*Siliceous ZSM-5 b[OhO] 200 p-X = 0,45 500 p-X=2.00 x 10-7 [I]
o-X = 0.35 o-X = 7.00 x 10-10
Siliceous ZSM-5 aandb 180 p-X = 0.45 3 p-X=2.00 x 10-7
o-X=0.35 o-X=1.00x 10-7
MFI Random 0.5 100 p-X = 0.30 3.2 p-X = 6.00 x 10-7 [II]
o-X = 0.25
390 p-X = 0.30 16 p-X=3.00 x 10-7
o-X=0.25
ZSM-5 high Random 60-90 200 p-X=O.3 plo=250 poX = 8.00 x 10-8 [4]
SilAI=360
o-X = 0.27 plm=250 o-X = 1.00 x 10-9
m-X=0.27 m-X = 1.00 x 10-9
Silicalite-l [hOh] 2 to 3 125 p-X = 0.45 12 p-X = 2.25 x 10-8 [2]
o-X=0.35 o-X=3.13 x 10-10
p-X=0.9 p-X = 3.75 x 10-8
(single)
o-X=0.7 o-X=3.13 x 10-9
(single)
Silicalite-l Random 127 p-X=2.l 4.6 poX = 1.20 x 10-9 [16]
o-X=2.l o-X = 2.40 x 10-10
ZSM-5 Random 177 p-X=2.l 5.5 p-X= 1.90 x 10-9
o-X=2.1 o-X = 2,40 x 10-10
Boron substitute Random 132 p-X=2.l 60 p-X=5.60 x 10-11
ZSM-5 (B-ZSM-5)
o-X=2.l o-X=9.30 x 10-13
Silicalite-I Random 3 125 p-X=0.31 >200 poX = 1.05 x 10-8 [15]
o-X=0.26 o-X= 1.75 x 10- 11
200 p-X=O.31 30 p-X = 1.05 x 10-8
o-X=0.26 o-X= 1.75 x 10-10
Silicalite-l Random 3 t05 50 (PV) Equimolar 40 p-X=0.137kglm2.hI' [34]
template-free binary mixture
o-X = 0.003 kglm2.hI'
AI-free ZSM-5 Random 1.5 26 to 75 (PV) Equimolar poX = 8.80 x 10-9 [54]
binary mixture
o-X=7.00 x 10-9
m-X = 1.03 x 10-8
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of the separation of a mixture of xylene isomers with the MFI
membranes in vapor permeation.
Gump et al. [16] investigated the xylene isomers separation
using SAPO, MaR, randomly ZSM-5, silicalite-l and boron
substitutes ZSM-5. They found that boron substitutes ZSM-5
membrane had highest separation factor of 60. The substitution
of boron in the framework reduced the loss of selectivity, possi-
bly by decreasing the unit cell size and making the framework
more rigid. The SAPO membranes exhibited single-file diffusion
and, therefore, no separation selectivity. MaR membrane was
unable to separate the aromatics, possible because of the smaller
role of adsorption and pore blocking at the higher tempera-
tures and the lower feed concentration of the vapor permeation
experiments.
Sakai et al. [4] studied self-supporting MFI-type zeolite mem-
brane, in order to avoid the defect formation due to the thermal
expansion mismatch between alumina support and zeolite mem-
brane during calcination. The separation of ternary mixtures of
xylene isomers was performed between 303 and 673 K, feed
partial pressure between 0.3 and 5.1 kPa. The separation fac-
I
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functionalized molecular sieves having beta (BEA) topology
where the polar functional group, an aminopropyl, covalently
adhered within the micropores has been achieved. Their results
indicate that the aminopropyl groups are located within the
intracrystalline void space and that they can be reacted with
aldehydes to form occluded imines [26,28].
Subsequently, the detailed synthesis and characterization of
OFMSs containing non-polar functional groups, phenethyl (PE)
has been demonstrated. The phenethyl groups were sulfonated to
produce a microporous solid containing intracrystalline sulfonic
acids, which was transformed into solid catalyst. These materials
have shown to be an effective shape-selective catalyst for various
reactions based on organic active sites, as the active site can be
tailored to meet the needs of the reaction interest. Fig. 4 shows
the synthesis strategies of OFMS with BEA topology using two
different route, which was described by Jones et al. [26].
Non-polar functional groups such as ethylcyclohexenyl
(CHE) and mercaptopropyl (MP) have been used in the syn-
thesis of acidic OFMSs with the beta (BEA) topology by Jones
et al. [27]. These acidic OFMSs were investigated for use as
shape-selective catalysts for the conversion of cyclohexanone
relative to l-pyrenecarboxaldehyde. Their results show that sul-
fonic acid containing OFMSs derived from the oxidation of
mercaptopropyl(MP) groups were very selective for the con-
version of cyclohexanone relative to l-pyrenecarboxaldehyde
(PYC). Acidic OFMSs based on oxidized MP groups showed
good shape-selective properties although their activities are low.
The shape-selective catalytic activity for sulfonic acid, mercap-
topropyl silane zeolite beta was further confirmed by Shin et al.
[31]. They reported that major S03H groups reside inside the
zeolite pore channels and act as the active center for the reac-
tion. Table 4 shows the molecular structure of functional groups
studied by Jones and coworkers [26-28].
Fig. 5 shows the SEM micrograph of organic-inorganic
hybrid zeolites containing an organic group as lattice (ZOLs)
reported by Yamamoto et al. [60]. The characterization results
show thatboth ZOL-1 (MFI-type)andZOL-B (BEA-type) mate-
rials structures were retained after the calcinations at 540 DC
(~73% for ZOL-B).
Different types of microporous hybrid organic-inorganic
materials with ITQ-21, MFI and BEA structures have also
Organic group
Zeolite MFI
crystal
Fig. 5. SEM images ofZOL materials [60].
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methods applied in the synthesis of acid-functionalized zeolite
crystals.
4.3. Synthesis offunctionalized zeolite: current problems
Functionalized zeolites is a new type of materials hav-
ing a large potential as a shape-selective catalyst as well as
other application, depending on the functional group. Organic
functionalization of zeolites would widen the range of their
applications because of larger organic contents in the zeolites
material are of special interest in catalysis, adsorption, stor-
age and nanotechnological fields, making use of mechanical,
optical, electronic and magnetic properties provided by the struc-
tural organic fragments [58]. The organic functional groups can
be easily chosen and designed to meet different requirements,
but up to date, only a number of the organic functional groups
could be introduced through the direct co-condensation (in situ
deposition) method [57]. Some of the problems existing for
development of organic-functionalized zeolite include:
• Amorphous impurities; future studies should aim to remove
this trace amorphous impurity, in order to obtain highly crys-
talline OFMS materials.
• The use of organosilanes with pendant organic groups has
inevitably led to structural defects, and organic groups located
in micropores may spoil the microporosity.
• The pores could be blocked by the organic functional groups
(only high-silica zeolites were prepared).
Another critical problem was the exterior surfaces deposi-
tion of the functional group of the crystals, as pointed out by
Jones et al. [27]. They found that in the post-synthesis deposi-
tion (grafting), a large fraction of the organosilanes is deposited
in the exterior surface of the materials and subsequently no size
selectivity has been observed. Besides, the distribution of the
functional groups on the surface of the pore wall is likely not
uniform although the resultant materials maintain highly ordered
structures and show relatively high hydrothermal stability after
grafting reaction.
Therefore, further studies are needed to overcome the exist-
ing problems for synthesis this type of material. It is known that
organic-functionalized zeolites can perform as acid/base shape-
selective catalyst; depending on the organic functional group.
Thus, selection of organic functional group is a very impor-
tant step based on the type of reaction studies. There is need
to find the suitable organic functional group for specific reac-
tion, together with the optimum functional group need to be
deposited inside the pore to maximize the reaction rates. In order
to overcome the problems ofpore blocking by organic functional
group, exterior deposition, low crystallinity and uneven distri-
bution of organic group in the zeolite pores, an improvement in
the synthesis methodology need to be explored.
5. Xylene isomerization
Xylene isomerization is a well-known acid-catalyzed reac-
tion and most of the currently xylene isomerization plants are
m-xylene Transtonnation
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Toluene CH~ . CH. o-xylene
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benzene
Fig. 6. m-Xylene transformation.
using zeolite based catalysts like HZSM-5. On acid zeolite cat-
alysts, m-xylene undergoes two competitive transformations,
isomerization into o-xylene andp-xylene and disproportionation
into toluene (T) and trimethylbenzene (TMB), as shown in Fig. 6
[26,39,61-65]. Isomerization ofm-xylene involved monomolec-
ular or intramolecular mechanism while disproportionation of
m-xylene involved bimolecular or intermolecular mechanism.
The formation of o-xylene and p-xylene by converting a m-
xylene rich industrial feed can be adequately described by the
monomolecular mechanism including a 1,2-methyl group shift
[62,66-69].
Xylene isomerization is generally carried out in a fixed bed
reactor [25,61,64,70]. Catalytic membrane reactor [21,67], in
situ flow cell (CSTR) [71], riser simulator reactor [66] and fixed
bed microreactor [69] using zeolite catalyst are also reported in
order to obtain the higher yield ofp-xylene. Table 6 shows the use
of zeolite catalyst for xylene isomerization studies. The factors
affecting the conversion, reactant diffusion, products selectivity
and reaction pathways during isomerization of xylene are
• acidity of the zeolite catalyst [26,62,66,67,71,72];
• pore size (shape-selective property) of the zeolite catalyst
[26,63,65];
• operating parameters (e.g. temperature).
Thus, optimizations of these factors are needed to minimize
disproportionation in favor of isomerization reaction, especially
to para-isomer. A proper study on the contribution of zeolite
membrane acidity and pore size modification on the performance
ofzeolite membrane are crucial in xylene isomerization reaction.
6. Development of functionalized zeolite membrane for
combined xylene isomerization and separation
For the development of catalytic functionalized zeolite mem-
brane reactor for combined xylene separation and isomerization,
silicalite-l membrane has been chosen. In order to develop func-
tionalized zeolite membrane, zeolite membrane with pure silica
form is needed. However, silicalite-l is an aluminum-free ana-
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Fig. 7. Combination of secondary growth and in situ deposition method for synthesis of functionalized zeolite membrane.
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logue of ZSM-5 (MFI) which is catalytically inactive in its pure
form. Therefore, silicalite-l zeolite membrane can be performed
as an acid catalyst by introducing an organic functional group
into the zeolite pores, which subsequently oxidized to acid, to
produce acid-functionalized silicalite-l zeolite membrane. The
deposition of the acid-functional group into the zeolite pores
will result in partial pore blocking of the pores, which is a great
advantages for the enhanced selectivity and catalytic activity
based on shape selectivity for combined xylene separation and
isomerization.
By utilizing the methods used for synthesis of zeolite MFI
membrane and functionalized zeolite materials, a new method
for development of functionalized MFI zeolite membrane has
been proposed (Fig. 7). Fig. 8 shows the conceptual diagram of
acid-functionalized zeolite MFI membrane as a separator and
catalyst for combined reaction and separation of xylenes. In
order to achieve excellent performance in combined reaction
and separation for xylene isomerization, high quality acid-
functionalized zeolite membrane is needed. It is very important
for acid-functional group to be deposited in the micropores of
the zeolite in order to perform as shape-selective catalyst in
xylene isomerization. The optimum composition and the type
of the functional group deposited in the zeolite pores need to
be investigated, for optimum performance of the catalytic mem-
brane reactor in the role ofcatalysis and separation. Thus, further
studies and investigation are needed.
Fig. 8. Conceptual diagram of reactor using functionalized zeolite MFI membrane for combined xylenes isomerization (reaction) and separation of para-xylene
(single stage of operation).
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8.1. Separation properties for zeolite membrane
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A schematic represent the mass transport through zeolite
membrane is shown in Fig. 10 [77].
of the subtle interplay between adsorption and diffusion, and
also coupling between species diffusion [74]. The mass trans-
port in microporous 'materials generally, governed by surface
diffusion. Therefore, the understanding ofsorption and diffusion
in these materials is of fundamental interest and important for
the understanding of the shape-selective catalytic and separation
characteristics ofzeolites. Among the different models for diffu-
sion in zeolite membrane currently used, surface diffusion is the
dominant transport mechanism for zeolite membranes, where
molecules adsorb on the feed side surface, diffuse from one
adsorption site to the next with the net diffusion in the direction
of decreasing chemical potential, and desorb from the zeolite on
the permeate side. Flow through the porous support is a com-
bination of bulk diffusion, Knudsen diffusion and viscous flow
[73].
Van Den Broeke et al. [75], Jeong et al. [23] and Van De Graaf
et al. [76] reported that the mass transport through the zeolite
membrane follows:
8.1.1. Adsorption model
For the description of the equilibrium adsorption in zeolites
membrane, various models have been successfully applied to
describe the isotherms for single component, binary mixture
and multicomponents. This includes:
Fig. IO. Schematic showing the mass transport through zeolite membrane [77].
(i) adsorption from the feed on the external surface of the mem-
brane;
(ii) transport or diffusion from the external surface in to the
membrane pores;
(iii) intracrystalline transport;
(iv) transport from the membrane pores to the external surface;
(v) desorption from the external surface of the membrane at the
permeate side.
(2)
(4)
IX6
YI/Y2
CiI/2 =--
XI/X2
where Yi = molar fraction of component i at permeate;
Xi =molar fraction of component i at retentate; i=component
1 or component 2.
• Combined separation and reaction studies
The b-oriented, acid-functionalized MFI zeolite membrane
could be tested for its performance in combined separation
and xylene isomerization reaction as a membrane test unit.
The conversion and the p-xylene yield are evaluated in the
process. The operating parameters are
(i) Feed pressure of m-xylene or a-xylene ranging from 0.5
to 1.5 bar.
(ii) Operating temperature ranging from 300 to 450 DC.
(iii) Contact time (weight hourly space velocity, WHSV)
ranging from 0.3 to 0.7 h-'.
(iv) Trans-membrane pressure ranging from 0.2 to 1bar.
where X=xylene conversion; (Ci)in =inlet molar flow/con-
centration of xylene; (Ci)out =outlet molar flow/concentration
of xylene.
The p-xylene yield will be defined as
. cPr + CPp
p-xylene yIeld = cPr + CPp + cir + Cip
The conversion of xylene (ortho or meta) is defined as
X = (Ci)in - (Ci)out (3)
(Ci)in
Flux is defined as
WiJ. - - (1)
,- At
where Ji = permeation flux of the component i (kg/(m2 s));
Wi = weight ofthe component i (kg); A =membrane area (m2);
t =operating time (s).
Separation factor is defined as
where cPr =concentration of p-xylene in retentate;
cPP =concentration ofp-xylene in permeate; Cr= concentration
of a-xylene or m-xylene in retentate; CP =concentration of
a-xylene or m-xylene in permeate.
8. Mathematical model for combined separation and
isomerization
Separations using zeolite membranes are due to the result
of a combination of differences in diffusivities and preferential
adsorption, and separations can favor either the more mobile or
the more strongly adsorbing component [73]. The permeation
flux of a component is determined by the adsorption and diffu-
sion characteristics of all of the components in the mixture, and
separation characteristics cannot be estimated from single com-
ponent permeation data alone. The proper description of mass
transport or permeation in zeolite membrane must take account
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(7)
(6)
(b)
o-XyJene
(a)
p-Xylene
that, under strong mass transfer control, the system follows an
apparent triangular reaction scheme.
Kinetics of xylene isomerization on the catalytically active
H-ZSM-5 membrane has been studied by Stephane Haag et al.
[67], for reaction and separation ofp-xylene from the other iso-
mers. They reported that the reaction kinetics was best described
by a general triangular scheme. Based on the experimental data
in their study, they found that the linear scheme systemati-
cally underestimated the yield of o-xylene from pure p-xylene
feeds and vice versa; the simulation was consistent with the
experimental data only for m-xylene as the feed. Therefore, the
triangular reaction scheme was adopted.
Fig. 12. (a) Triangular reaction scheme of xylene isomerization [67] and (b)
linear or sequence reaction scheme of xylene isomerization [68].
Clh HaC
-0- Kef ;r{ KC2 . nHaC _" CHa~HJC--o~lhC-U
p-Xylene m.Xylene o-Xylene
8.1.3. Separationfactor
For pure component, the sorption selectivity in the mixture
is defined as [78,88]
. . . fhlBz
sorptIOn selectiVity = -r--r
pI!Pz
Bi is refer to the molecular loadings of the pure component in
the mixture within the zeolite Both differences in the saturation
capacities and molecular configurations are important factors of
the sorption selectivity in the mixture.
For a binary mixture, the separation factor for the zeolite
membrane is calculated from the ratio of the binary permeances.
The steady-state selectivity is defined as [78,88]
. l' . NzINIpermeation se ectIvlty = -p--p
Pzlp,
8.2. Mathematical model for xylene isomerization
Maxwell-Stefan theory may possible to describe the diffu-
sion behavior of xylene mixture through zeolite membrane. A
suitable adsorption isotherm needs to be found to adequately
describe the adsorption behavior of the xylene mixtures. The
combination of adsorption isotherm and Maxwell-Stefan equa-
tions are possibly adequate to describe the permeation behavior
of single, binary as well as temary mixture of xylene through
the catalytic zeolite membrane.
ofmass transport across zeolite membrane. Krishna and Paschek
[80] compared the single and binary mixture of n-hexane and
2,2-dimethylbutane experimental data with simulated results
obtained using Eq. (5) and found that these results fitted well
with the experimental data.
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There is a need for a detailed theoretical model (reaction
and diffusional transport) that can help in the understanding
the performance, potentialities and the limitations of the sep-
aration and xylene isomerization reaction on catalytic zeolite
layer in a catalytic membrane reactor. The reaction scheme of
xylene isomerization over acid catalysts has been an issue ofcon-
troversy over the years. In the literature, two different models
have been employed for kinetic studies to describe xylene iso-
merization (by ignoring disproportionation reaction): a general
triangular scheme (Fig. 12a) for the three xylenes and a sim-
ple linear scheme (Fig. 12b) in which the reaction is assumed
to proceed via intramolecular 1,2-shifts of the methyl groups.
The latter allows transformation of 0- into p-xylene (and vice
versa) only through m-xylene as an intermediate step, but not
directly. Both schemes have been used by different researchers
for the modeling of xylene isomerization using zeolite catalyst
[89].
In order to describe the isomerization of xylene mathemat-
ically, a diffusion-reaction model with a sequential reaction
scheme have been applied by Hedlund et al. [68] to model
their experiment data of xylene isomerization over thin Z8M-5
film. According to them, xylene isomerization was modeled as a
series of first-order reversible reactions. However, they claimed
8.3. Modeling offunctionalized catalytic membrane reactor
In order to optimize conversion, yield, flux and p-xylene
separation, a suitable process model represents the xylene iso-
merization over the acid-functionalized MFI zeolite membrane
together with the continuous separation ofp-xylene through the
acid-functionalized MFI zeolite membrane need to be devel-
oped. This process model will be very useful in the rational
design of catalytic membrane reactor unit for reaction and sep-
aration ofp-xylene in a single unit.
During the past few years, there have been a number ofsrudies
reported about the modeling of the catalytic membrane reac-
tors. A mathematical model for the methane reforming reaction
was developed by Prabhu et al. [90] to simulate the perfor-
mance of the membrane reactors. Jeong et al. [91] conducted
a mathematical analysis to evaluate the performance of a FAD-
type membrane reactor use for the catalytic dehydrogenation
of cyclohexane. Their model prediction and simulation results
were in good agreement with the experimental data. Experi-
mental and modeling study of catalytic membrane reactor has
been performed by Bottino et al. [92] for the oxydehydrogena-
tion of propane. The compatibility between the model and the
experimental data was verified for all the operative conditions
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(2) Mass balance in the permeate side:
dNf _ 2DiHiRt(pf - Pf) _ °
22-dz R2 - Rt
(9)
Conversion, yield, flux and selectivity for p-xylene could be cal-
culated from the model using simulation. The simulation results·
could be compared with the experimental data in order to verify
the kinetic model developed.
(11)
(13)
(14)
(12)
9. Future perspective for fuuctionalized zeolite
membrane
Functionalized zeolite membranes are a new type of mem-
brane materials which have a large potential not only as a
shape-selective catalyst in combined xylene isomerization and
separation, but also for other applications depending on the func-
tional groups introduced into the zeolite pore structure. New
avenues and research directions have been suggested by devel-
oping this type ofmembranes by using a right kind of functional
groups for specific applications.
Acid-functionalized zeolite membrane can be applied as
catalytic membrane reactor for other acid-catalyzed reaction
such as methanol to olefin [94], to improve the selectiv-
ity of olefins in the methanol conversion by controlling the
location of the acid sites. By utilizing of acid-functionalized
catalytic membrane reactor, the conversion of COz hydrogena-
tion into methanol may also be improved [95]. By deposition
of the right kind of functional group into the zeolite mem-
brane, it also can be applied as a catalyst for water-gas-shift
(WGS) reaction to improve the selectivity for Hz produc-
tion [96]. However, the application of functionalized zeolite
membrane in these types of reaction still needs to be stud-
ied.
For zeolite-based sensors application, the development of
functionalized zeolite membrane can be used to improve the cat-
alytic and filtering properties of the sensors, for e.g., catalytic
reduction of NOx. The better sensitivity and selectivity of the
sensor will effectively measure and control the emission gases
from power plants, chemical plants and motor vehicles, for the
purpose to improve the air quality in the atmosphere. Since the
catalytic reduction of combustion gases involved high temper-
ature, the thermal stability of the membrane still needs to be
investigated [97,98].
McLeary et al. [99] reported that "ultramicroporous" mem-
branes, i.e. those with sufficiently small pores (~0.3 nm) to allow
separation on the basis of size exclusion or molecular siev-
ing effect, and not only depending on preferential adsorption
and diffusion, still not been developed yet. The majority of the
membranes synthesized have pore diameters ("-'0.5 nm), which
are still too big to selectively separate small gaseous molecules.
Functionalized zeolite membranes are categories as ultramicrop-
orous membrane becauseofits zeolite pore structure are partially
blocked by functional groups. Therefore, it can also be used to
selectively separate small gaseous molecules based on molecular
sieving effects.
There is a scope of further studies in order to develop an
appropriate functionalized zeolite membrane for different types
of catalyzed reaction with the choice of functional group. The
application ofthese membranes will open new type ofseparators
based on size exclusion principle specially with ultramicrop-
orous zeolite membrane.
(10)
• Retentate side:
pi = Xi P = ib~ P
• Permeate side:
QP
PP_yp_ i Pi- i -EQf
P is the total pressure; mand Qf are the volumetric flowrate
of species i in retentate and permeate stream.
Assuming the xylene isomerization reaction in functional-
ized catalytic membrane reactor is controlled by mass transfer,
the triangular scheme kinetic model can be applied to represent
xylene isomerization reaction (as shown in Fig. 12a). Xylene
isomerization is modeled as a series of first-order reversible
reaction and the rates of formation r; are written as first-order
reaction:
The boundary conditions are:At z = 0, pf(z) = 0.
pt, Pi and pf represent the partial pressure of species i in
feed, retentate and permeate streams, respectively. Nf and Ni
are molar flux of species i in retentate and permeate streams,
respectively. Rt is the membrane radius on the retentate side;
R2 - Rt is the membrane radius on the permeate side. z the axial
coordinate along the reactor length and rj is rate of reaction; Ddf
and Hi1/! are the diffusion and sorption coefficients of component
i; Vi1/! is the stoichiometric coefficient of component. The partial
pressure of each component can be evaluated as
rp = _ kt (cp _ CM) _ k3 (Cp _ Co)
pz Kc! pz KC3
~ = kt (cp _ CM) _ kz (CM _ Co)
pz Kc! pz KC2
kz ( Co ) k3 ( Co )ro=- CM-- +- Cp--
pz KC2 pz KC3
where Kc! = kt/k-t, KC2 = kzlLz, KC3 = k3Ik_3, ki =
kioexp(-E;jfftT), pz is density of zeolite and Cp, CM,
Co =concentration ofp-xylene, m-xylene and a-xylene, respec-
tively. Ki is equilibrium constant, ki is the rate constant
and kio is Arrhenius prefactor. The equilibrium constants are
calculated from thermodynamic data assuming ideal vapor
phase.
Fig. 15 shows the flow chart in development of mathemat-
ical model for combined separation and xylene isomerization
over functionalized catalytic zeolite membrane. The effect of
parameters such as sorption and diffusion coefficients, molecular
sieving effect, membrane area, temperature, pressure, reaction
contact time, amount of catalyst used, length of the membrane
and sweep gas flow need to be considered in the equations.
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Abstract
10% and 20% of 3-mercaptopropyitrimethoxysilane was introduced into the
silicalite-l pore-structure by utilising in situ deposition method and
subsequently oxidized to suiphonic acid silicalite-l membrane. The resulting
organic-inorganic hybrid membrane was characterized for its crystallinity and
orientation (XRD), surface morphology and thickness (SEM) and elements
present in the membrane (EDAX). Sulphonic acid functionalised silicalite-l
membrane is a new type of catalytic shape selective membrane which may be
useful for combined separation and reaction process.
Keywords: Synthesis, Characterisation, Functionalised Silicalite-l Membrane.
1. Introduction
Zeolite membranes or films have been well known of their well-defined
micropore structure, good thermal and structural stability, high mechanical
strength, feasible for steady-state operation, low energy consumption, resistance
to relatively extreme chemical environment and great potential for combined
steps of reaction/separation [1-6]. Zeolites are crystalline, microporous
aluminosilicates which find extensive industrial uses as catalysts, adsorbents, and
ion exchangers with high capacities and selectivities [7-8]. When zeolites are
grown as films, zeolite membrane is formed. The characteristics of zeolite
membrane have found its new application in gas, vapour and liquid separation
especially in petrochemical industry based on their properties adsorption,
87
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produce n microporous solid containing iIlLJli\;lystallim: sulfulli\; adds, which was
transformed into solid catalyst. These materials have shown to be an effective
shape-selective catalysts for various reactions based on organic active sites and
these active sites could be tailored to meet the needs of the reaction intorest [12.
171·
2. Experimental Procedures
In situ deposition method was utilised to incorporate organic functional group
into silicalite-I framework. In situ deposition method is the most common method
used by the researchers where the functional groups are introduced in the
synthesis solution as silica source [12-16]. First, a homemade porous a-alumina
support (diameter = 25 mm, thickness = 3mm) was coated with a thin mesoporous
layer using sol-gel technique developed by Brinkers and co-workers [I]. The role
of mesoporous layer is to improve the structural stability, reduce the mismatch
between zeolite membrane and support during calcination and serve as a support
for a microporous membrane [I, 19].
3-mercaptopropyltrimethoxysiiane (3MP) functionalised silicalite-I
membrane with 10% and 20% 3MP compositions were synthesised based on the
procedure reported by Lai et al. [19] for nonfunctionalised zeolite siliceous 2SM-
5. 3MP functionalised silicalite-I membranes were synthesised using
tetraorthosilicate (TEOS) as silica source and 3MP as organosiiicon source. The
APRIL 2008, Vol. 3(1)
Although the shape-selective organic functionalised zeolite BEA (beta)
crystals with different type of functional group were successfully synthesised, the
development of acid functionalised zeolite membrane still remains a new task.
This relative new membrane material having a large potential to be used as shape
selective catalyst as well as other application, depending on the functional group.
However, problems do exit in order to develop the membrane:
I. amorphous impurities; in order to obtain highly crystalline membrane,
optimum organic group deposited into the zeolite membrane framework need
to be figured out.
2. the pores tended to be blocked by the organic functional groups (only high-
silica zeolite will be prepared, e.g. silicalite-I)
Before emphasising its applications, it is crucial to know how to develop this
new type of membrane. From the literature, for successful and effective
application in separation, the orientation of the zeolite crystal in the membrane is
important. For reaction studies, development of shape selective catalyst is needed.
Therefore, in the present work, we had demonstrated b-oriented, organic-
functionalised zeolite MFI membrane which may be useful in combined
separation and reaction process. In order to avoid pore-blocking by organic
functional groups and to obtain highly crystalline functionalised membrane, a
detailed investigation of the synthesis of silicaJite-1 (pure silica zeolite MFI)
membrane with 10% and 20% loading of 3-mercaptopropyltrimethoxysilane
(3MP) organic functional group are performed. The membranes were
subsequently oxidised to sulphonic acid 3MP functionalised siiicalite-I
membrane by using aqueous H20 2 as an oxidising agent. The membranes were
further characterised for its crystallinity, morpohology, thickness and element
composition by X-ray diffraction (XRD), scanning electron microscope (SEM)
and energy dispersive X-ray (EDAX).
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at 175°C. Its XRD pattern shows the presence of all the major peaks for MFI
(ZSM-5 or Silicalite-l) zeolite, which is consistent to the MFI zeolite reference
XRD pattern given by the International Zeolite Association (IZA) [20]. Most of
the crystals in silicalite-l membrane were oriented with their b-axis perpendicular
to the support surface, (020), (040) and (060). However, thcrc was a fraction of
crystals which were not preferentially oriented and their presence shows the peak
(101) in the XRD pattern. From the integrated peak intensity, we found that about
62% of the crystals in the membrane were oriented in b-axis.
Figure 2b shows the XRD pattern for silicalite-1-3MP-1O membrane and
highly crystalline membrane was also found, as comparable to silicalite-l
membrane. This explains that the 3MP functionalised silicalite-l membrane was
formed under the same synthesis condition. In Fig. 2b also, there were peaks
coming from S and SiC which show the incorporation of 3MP into the silicalite-l
framework. XRD pattern for silicalite-I-3MP-20 membrane is shown in Fig. 2c
and its show that the membrane was not formed due to absence of the typical
peaks for silicalite-l membrane in the range of 5° to 26°. The peaks belong to a -
alumina support and amorphous materials (SiC and S) were present can conclude
that once the mol % of organic group incorporated into the zeolite framework
increased, the crystallinity ofthe zeolite reduced, and thus membrane could not be
formed.
Figure 3a shows the SEM micrograph for blank a-alumina support layer. After
coated with mesoporous silica layer, a smooth and continuous layer is formed on
top of the support and the micrograph is shown in Fig. 3b. As shown in Fig. 3d,
the thickness of mesoporous layer was 8 J.lm on the support surface, while some
deposition inside the support pores also took place. The SEM images for the
silicalite-l membrane are shown in Fig. 3c. The typical coffin-like shaped
crystals of silicalite-l were obtained and most of the crystals were oriented with
b-axis, faced parallel to the support surface. The micrograph shown in Fig. 3c is
consistent with the XRD pattern shown in Fig. 230 where there were still small
portion of the crystals oriented in others direction. The cross-section of the
membrane is shown in Fig. 3d, where the membrane thickness obtained in this
work was 16 J.lm.
The SEM micrographs of silicalite-I-3MP-I 0 membrane are shown in Fig. 4a.
The coffin-like shape of the crystals was retained even in the presence of the
amorphous materials. The addition of 3MP to the synthesis composition did not
lead to formation of smaller crystals, but modified the crystal morphology. The
variation of morphology confirmed that the 3MP exerted a definite effect upon
the crystallisation offunctionalised zeolite. After oxidation, the SEM micrographs
of silicalite-l-S03H-1O membrane are shown in Fig. 4b. It can be seen that no
obvious changes in the membrane's morphology before and after oxidation.
Functionalised crystal aggregates were present on the membrane surface and no
cracks were observed on the membrane. From the micrographs also, the
orientation of the crystals was consistent with the XRD pattern (Fig. 2b), where
most of the crystals were also oriented in b-axis. Fig. 4d shows the SEM
micrograph of silicalite-1-3MP-20. Large portion of the support surface still did
not cover with functionalised crystals although hydrothermal synthesis of
membrane was repeated for five times. The crystals were not grown while a large
quantity of amorphous materials agglomerated on the support causing the
membrane layer was not formed. The result obtained from SEM micrograph was
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Fig. 3. SEM Micrographs for (a) Blank a-Alumina Support, (b) Mesoporous
Layer, (c) Silicalite-l Membrane and (d) Cross Section.
4. Conclusions
In conclusion, organic functionalised silicalite-l membrane with 10% of 3
mercaptopropyltrimethoxysilane (3MP) loading was successfully synthesised
after hydrothermally treated at 175°C for 1 day. The characterisations show that
90% of the 3MP groups were incorporated into the silicalite-l framework and
62% of the crystals were oriented in b-axis·. The membrane was oxidised to
sulphonic acid membrane resulted in sulphonic acid 3MP silicalite-l membrane
which could be used in combined separation and reaction studies. Beside 3MP,
further studies are needed to figure out the possibilities of synthesis ofother types
of organic functionalised silicalite-l membrane. The application and performance
ofthese functionalised membranes need to be investigated
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Fig. 5b. EDX Results for Silicalite-l-S03H-1O Membranes.
I
I
I
E
'"
=:l
=
-
Si
o
S
3.00
Element At%
C 6.87
0 62.31
Si 27.66
S 3.16
Ratio Si/S:
Theoretical = 10
FromEDX=9
I
I
I
I
I
I
I
I
I
I
References
1. Xomeritakis, G., Naik, S., Braunbarth, C.M., Cornelius, C,J., Pardey, R. and
Brinker, C,J. (2003). Organic-templated silica membranes I. Gas and vapor
transport properties. Journal ofMembrane Science, 215, 225-233.
2. Motuzas, J., Julbe, A, Noble, R.D., Guizard, C., Beresnevicius, Z,J. and Cot,
D. (2005). Rapid synthesis of silicalite-I seeds by microwave assisted
hydrothennal treatment. Microporous and Mesoporous Materials, 80, 73-83.
3. Shan, W., Zhang, Y., Yang, W., Ke, C., Gao, Z., Ye, Y. and Tang, Y. (2004).
Electrophoretic deposition of nanosized zeolites in non-aqueous medium and
its application in fabricating thin zeolite membranes. Microporous and
Mesoporous Materials, 69, 35-42.
4. Bernal, M.P., Xomeritakis, G. and Tsapatsis, M. (2001). Tubular MFI zeolite
membranes made by secondary (seeded) growth. Catalysis Today, 67, 101-
107.
5. Bonilla G., Vlachos, D. and Tsapatsis, M. (2001). Simulations and
experiments on the growth and microstructure of zeolite MFI films and
membranes made by secondary growth. Microporous and Mesoporous
Materials, 42, 191-203.
6. Deshayes, A L., Miro, E. E. and Horowitz, G. I. (2006). Xylene
isomerization in a membrane reactor Part II. Simulation of an industrial
reactor. Chemical Engineering Journal, 122, 149-157.
7. Hedlund, 1., Sterte, J., Anthonis, M., Bons, A, Carstensen, B., Corcoran, N.,
Cox, D., Deckman, H., Gijnst, W., Moor, P., Lai, F., McHenry, J., Mortier,
W., Reinoso, J. and Peters, 1. (2002). High-flux MFI membranes.
Microporous and Mesoporous Materials, 52, 179-189.
8. Kita, H., Fuchida, K., Horita, T., Asamura, H. and Okamoto K. (2001).
Preparation of Faujasite membranes and their penneation properties.
Separation and Purification Technology, 25, 261-268.
9. Lai, Z. and Tsapatsis, M. (2004). Gas and organic vapor penneation through
b-oriented MFI membranes. Industry Engineering Chemistry Research, 43,
3000-3007.
10. Iglesia, O. de Ia, Irusta, S., Mallada, R., Menendez, M., Coronas, 1. and
Santamaria, 1. (2006). Preparation and characterization of two-layered
mordenite-ZSM-5 bi-functional membranes. Microporous and Mesoporous
Materials, 93, 318-324.
11. Lai, Z., Bonilla, G., Diaz, I., Nery, J.G., Sujaoti, K., Amat, M.A, Kokkoli,
E., Terasaki, 0., Thompson, R.W., Tsapatsis, M. and Vlachos D.G. (2003).
I
I
I
I
I
Journal of Engineering Science and Technology APRIL 2008, Vol. 3(1)
96 Y. F. Yeong et al
Microstructural optimization of a zeolite membrane for organic vapor
separation. Science, 300, 456-460.
12. Jones, C. W., Tsuji, K. and Davis, M. E. (1999). Organic-functionalized
molecular sieves (OFMSs): 11. Synthesis, characterization and the
transformation of OFMSs containing non-polar functional groups into solid
acids. Microporous and Mesoporous Materials, 33, 223-240.
13. Jones, C.W., Tsapatsis, M., Tatsuya, O. and Davis, M. E. (2001). Organic-
functionalized'molecular sieves. III. Shape selective catalysis. Microporous
and Mesoporous Materials, 42, 21-35.
14. Tsuji, K., Jones, C.W. and Davis, M. E. (1999). Organic-functionalized
molecular sieves (OFMSs) I. Synthesis and characterization of OFMSs with
polar functional groups. Microporous and Mesoporous Materials, 29, 339-
349.
15. Monique, S., Elisabeth, G., Jean, O.G. and Valentin, P. V. (2004). Colloidal
functionalized calcined zeolite nanocrystals. Journal ofMaterials Chemistry,
14,1347-1351.
16. Holmberg, B. A., Hwang, S.J., Davis, M. E. and Yan, Y. (2005). Synthesis
and proton conductivity of sulfonic acid functionalized zeolite BEA
nanocrystals. Microporous and Mesoporous Materials, 80, 347-356.
17. Shin, Y., Thomas, S. Z., Glen, E. F., Wang, L.Q. and Jun, L. (2000).
Supercritical processing of functionalized size selective microporous
materials. Microporous and Mesoporous Materials, 37, 49-56.
18. Mbaraka, I. K., Radu, D. R., Lin, S.Y., and Shanks, B. H. (2003).
Organosulfonic acid-functionalized mesoporous silicas for the esterification
of fatty acid. Journal ofCatalysis, 219, 329-336.
19. Lai, Z., Tsapatsis, M. and Nicolich, J.P. (2004). Siliceous ZSM-5 membranes
by secondary growth of b-oriented seed layers. Advanced Functional
Materials, 14,716-729.
20. Treacy, M.MJ. and Higgins, J.E. (2001). Collection of Simulated XRD
Powder Patternsfor Zeolites. Elsevier, Amsterdam.
Journal of Engineering Science and Technology APRIL 2008, Vol. 3(1)
1
I,
1
1
I
I
I
1
I
I
I
1
I
I
I
I
I
I
I
I
.__._-_._-
--_._--_._- ._~-~- I
